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The physicist Leo Szilard once announced to his friend Hans Bethe that 
he was thinking of keeping a diary: “I don’t intend to publish. I am 
merely going to record the facts for the information of God. ” “Don’t you 
think God Imows the facts?” Bethe asked. “Yes,” said Szilard. “He 
Imows the facts, but He does not Imow this version of the facts. ”
Hans Christian von Baeyer, Taming the Atom
Abstract
Abstract
In this day and age there is a growing concern about the increasing number of 
dangerous chemicals in Agriculture. Obsolete pesticides and their metabolites 
represent a major threat to the environment. These compounds are highly persistent, 
toxic and tend to accumulate within the human body. While considerable efforts have 
been made to abolish stockpiles of these hazardous chemicals, the removal of their 
residues from soil and water sources remains problematic. Therefore, the main aim of 
this research project is to provide the basis for the development of a simple, cost- 
effective and environmentally friendly technology for the removal of obsolete 
pesticides from water and soil.
The fundamental concept was based on Supramolecular Chemistry, which implies 
non-covalent interactions between “host” and “guest”. Although such interactions 
have formed the basis of numerous fundamental studies, their application within the 
environmental field has yet to be assessed.
Introductory physicochemical analyses of the pollutants and prospective receptors in 
various media such as solubility, speciation in different organic solvents as well as 
partition and distribution in binary organic solvent/water systems were carried out. 
Design of the “host” was based on the calix[4]arene framework since it provided a 
convenient route for chemical transformations and possesses cavities of 
complementary size to the guest species. The receptor was chemically converted, 
using synthetic resource-saving techniques that provide the best outcome, to improve 
its ability to remove obsolete pesticides from water and soil.
In connection with the preliminary studies and the synthetic activities, extensive H 
NMR, X-ray, UV and electrochemical evaluations of interactions between a wide 
variety of obsolete pesticides and the receptors were carried out. As a result, the 
receptors were proved to interact selectively with chlorinated phenyl- and 
phenoxyacetic acids and their metabolites. This was followed by a detailed 
determination of the stability of supramolecular complexes as well as the 
thermodynamic parameters associated with the complexation process.
Finally, aqueous samples of pollutants were subjected to extraction by the most 
prospective receptors. At this stage, some macrocycles were anchored to a polymeric 
backbone or naturally occurring materials. As such, both liquid-liquid (LLE) and 
solid-liquid (SLE) extraction techniques were tested and proved to be effective tools 
for water remediation.
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Chapter 1 Introduction
1. Introduction
The history of pest control probably began with the first human who ever swatted a 
mosquito. But since our primitive ancestors were hunters and gatherers, they probably 
found that insects were more useful as food than they were troublesome as pests. It 
was probably not until the dawn of organised agriculture, when insects attacked the 
plants grown for food, after that a potential threat to our own survival was first 
recognised. Most of the control tactics used since then can be grouped into two broad 
categories, that is, natural and artificial controls. By definition, a natural control may 
be any environmental factor (geographic barriers, cold temperatures, natural enemies 
etc.) that keeps a pest population off the crops. Artificial controls, on the other hand, 
employ products or processes of human origin to modify pest distribution, behavior or 
physiology. Surprisingly, simple modifications of environment or habitat often proves 
to be an effective method of pest control. Cultural practices refer to that broad set of 
management techniques or options that may be manipulated by agricultural producers 
to achieve their crop production goals1. Simplicity and low cost are the primary 
advantages of cultural control tactics, and disadvantages are few unless some extreme 
practices are applied. As such, there are earlier examples of altering soil pH, salinity 
or fertility levels that led once abundant agricultural lands to the state of desolate 
wilderness. The Aral Sea in Uzbekistan is an excellent example of indiscriminate 
application of irrigation2. This led to a drop of more than 60% in lake volume, a 
tripling of lake salinity, disappearance of 24 native fish species and up to 40 million 
tons of toxic metals and salts pollute the region. These are the most prominent 
unintended consequences of such tactics.
1.1. Pesticides
Today's arsenal of weapons is large and diverse, cultural, physical, genetic, and 
biological tactics, in addition to the well-known chemical pesticides. Unfortunately, 
there are still a wide variety of insect pests that cannot be suppressed by cultural 
methods alone. Most of the world’s agricultural problems, however, arise from a basic 
conflict. Delivery of food by the global farming industry cannot cope with the 
growing world population and consumption. Despite many earlier alarms, this issue is 
finally gaining the attention of the general public. Nevertheless, it is imperative for 
Developing Countries to use pesticides for preventing famine, hunger, malaria and
1
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other contagious diseases3. In this sense, the unfortunate potential of pesticides to 
damage non-target species including humans may be considered as a reasonable 
degree of risk. Unfortunately, the indiscriminate use of pesticides under the motto “if 
little is good, a lot more will be better” is a wrecking havoc for human and other 
living species4. As long as chemical protection methods of plants from insects, weeds 
and diseases as well as chemical protection of animals from parasites play a very 
important role in agriculture and food industry, the approach on the use of pesticides 
should be pragmatic. In other words, all activities on pesticides should be based on 
scientific judgment and not on commercial considerations.
Often people think of pesticides only as chemicals but they include a huge range of 
different types. Some are natural and many are altered versions of naturally occurring 
chemicals. Production and application scales are increasingly leading to widening the 
scope for scientific research in the field. The very fact that more than ten thousand 
scientific reports and patents devoted to the chemistry of pesticides are annually 
published is self-explanatory for the importance of this field of research. At present, 
the total quantity of different chemical compounds used in agriculture is reported to 
be exceed one thousand and there is still a growing tendency for the development and 
production of new substances with useful properties5.
Pesticides can be grouped according to the species controlled, persistency, toxicity, 
mode of action and chemical family. Hereinafter the most widely accepted 
classifications are given6. By no means should they be considered as a comprehensive 
categorization, but these are essentially representative examples including those most 
frequently used.
Depending on their usage, pesticides fall into the following basic groups:
• Antiseptics (to prevent destruction of non-metal materials by microorganisms),
• Bactericide (to control bacteria);
• Herbicides (to control weeds);
• Zoocides (to control rodents);
• Insecticides (to control insects);
• Defoliants (to destroy leaves);
• Repellents (to scare insects away);
• Fungicide (to prevent diseases of plants and destroy funguses); etc.
2
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Depending on their decay rates, pesticides can be distinguished by having the
following decay periods:
• More than 18 months (chloro-organic insecticides and compounds which contain 
arsenic and selenium);
• Approximately 18 months (triazine herbicides, picloram and some urea derivatives);
• Approximately 12 months (halogenbenzoic acid derivatives and amides of some 
acids);
• Up to 6 months (acid nitriles, treflan and its analogues);
• Up to 3 months (aminoformic acid derivatives);
• Less then 3 months (organophosphorus compounds).
Depending on their toxicity, the following basic groups of pesticides can be
distinguished:
• Highly toxic (chemicals which have half lethal dosage (LD50)* up to 100 mg/kg);
• Toxic (chemicals which have LD50 between 100 and 300 mg/kg);
• Tightly toxic (chemicals which have LD50 more then 300 mg/kg).
Pesticides are also classified by their activity:
• Contact herbicides are those which destroy only that plant tissue, which is in 
contact with the chemical spray. Generally, these are the fastest acting herbicides. 
They are ineffective on perennial plants that are able to re-grow from roots;
• Systemic herbicides are foliar-applied and these are translocated through the plant 
and capable of destroying a great amount of the plant tissue;
• Soil-borne herbicides are applied to the soil and are taken up by the roots of the 
target plant;
• Pre-emergent herbicides are applied to the soil to prevent germination or early 
growth of weed seeds.
1.2. Environmental issues
Recently particular attention has been paid to the preservation of the environment.
This topic has huge significance for further progress and normal human life.
*LD50 -  average dosage o f  chemicals (mg by 1 kilogram o f  weight), which cause death o f 50% of  
laboratory animals.
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As mentioned above, there is an increasing tendency to use pesticides into fields such 
as medicine, agriculture and industry. As a result, the safety issue and possible effects 
of pesticides on humans, animals, plants and other bio-organisms are matters of
concern7,8. As long as pesticides and other 
compounds are used extensively, they might fall 
into human food chains leading to unforseen and 
potentially dangerous consequences. The 
question about the possibility of using the 
pesticides safely in agriculture and other fields 
has been widely discussed in the last ten years. 
The application of DDT (Fig.l), and other 
persistent chlorinated organic pesticides has been 
criticised because their presence have been 
detected in water, soil and many other organisms. 
Moreover, it has been proved that these 
compounds may be transferred from the soil to 
plants and be accumulated by them in significant 
quantities. As such, a matter of priority concern 
is that related with use of obsolete pesticides 
(DDT, HCH 2,4-D, 2,4,5-T etc.) that are highly 
toxic and persistent in the environment9. As it has 
been already mentioned, the use of these 
compounds is vital for Developing Countries due 
to their low cost and relatively high selectivity. 
However, the storage and the application of the 
compounds leave a lot to be desired. These are 
often stockpiled in underground wells, unsecured 
ground fields, open shed in the fields and farms10. 
Deterioration of such stocks is also a source of
N 6 o c id e ° °
la torreur des moustiqucs
Figure 1.
Shortly after its invention in 1939, 
DDT was promoted as a miracle 
pesticide all around the world.
serious pollution, a threat to human health and groundwater. This is indeed a global 
problem and in many countries soil and building materials are highly contaminated by 
leaking of these pesticides into the environment. Given that this thesis is concerned 
with the chemistry of chlorophenoxy acids, a brief account of these herbicides is 
given in the following section.
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1.3. Chlorophenoxy acids
The discovery of growth regulated properties of chlorinated phenoxyacetic acids by 
Zimmerman and Hitchcock11 and their subsequent employment as herbicides by 
Hamner and Tukey began the modem era of selective weed control. These 
compounds were cheap and possessed unique properties of plant translocation. They 
were selective to broad-leaved weeds in cereals and could be absorbed from soil as 
pre-emerged herbicides. Moreover, the growth-regulating action was shared by 
hundreds of related molecules so that to a large extent, herbicides could be tailor- 
made for uses in a wide variety of operations6.
The first widely used herbicide was 2,4- 
dichlorophenoxyacetic acid, often abbreviated 2,4-D5. It 
first saw widespread production and use in the late 1940s. 
It was easy to apply, inexpensive to manufacture and able
2,4-D to kill many broadleaf plants while leaving grasses 
unaffected. Its low cost has led to its continuous use, even today, in many Developing 
Countries despite its relatively poor selectivity as reflected in the adverse effects on 
non-target plants. It is also less effective against some broadleaf weeds, including 
sedges and many vinous plants. Many other herbicides have been developed to address 
these limitations and these are now discussed.
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) was a widely 
used broadleaf herbicide until being phased out starting in 
the late 1970s5. 2,4,5-T has considerable importance as an 
herbicide for the control of woody species. The synthetic
2,4,5-T method for 2,4,5-T consists of heating at 103-107°C
concentrated water solutions of 2,4,5-trichlorophenolates with monochloroacetates of 
alkali-metals at pH 10-12 as shown in Scheme l5. Purification of 2,4,5-T is usually 
ci a
a \—ONa + CICH2COONa Tj^ cT C,—^ V OCH2COONa
A
Scheme 1.
Common method for obtaining 2,4,5-tichlorophenoxyacetic acid5.
carried out through its recrystallisation from salts. While 2,4,5-T itself is characterised 
by a moderate toxicity, the manufacturing process for 2,4,5-T contaminates this 
chemical with trace amounts of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is
5
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extremely toxic to humans*. A proper temperature control during the production of
2,4,5-T, TCDD levels can be kept to about 5 ppb. Before the TCDD risk was well 
understood, early production facilities lacked proper temperature control. Individual 
batches tested later were found to have as much as 60 ppm of TCDD. 2,4,5-T was 
withdrawn from use in the USA in 1983, at the time when heightened public 
sensitivity about chemical hazards in the environment started to be a serious issue. 
Public concern about dioxins was high and the production and the use of other (non­
herbicide) chemicals containing TCDD was also withdrawn. These included 
pentachlorophenol (PCP) (wood preservative) and polychlorinated biphenyls (PCBs) 
mainly used as a stabilizing agent in transformer oil. However, there is a concern that 
these withdrawals were not based on sound science. At present, 2,4,5-T has largely 
been replaced by Dicamba and Triclopyr.
The herbicide activity of 2(2,4,5-trichlorophenoxy) 
propionic acid (2(2,4,5)-T, Silvex) is very close to that of
2,4,5-T, but it is less dangerous for cotton-plants5. This is 
a white crystal substance suitable for the control of plant 
2(2,4^ )-t species such as oaks, maples, aquatic weeds and others
resistant to 2,4,5-T. Alkali-metal and amine salts of the acid have better solubility in 
water. 2(2,4,5)-T is obtained by the interaction of sodium 2,4,5-trichlorophenolates 
with sodium monochloropropionate in water. Other a-(aryloxy)-propionic acids have 
also been synthesised5. Some of them are quite selective herbicides but they have not 
yet been widely used in agriculture.
*In the early years o f WWII, a grant was provided 
by the National Research Council to develop a 
chemical to destroy rice crops in Japan (the major 
food source o f the Japanese). A herbicide blend 
also known as Agent Orange was the result. It 
was a mixture o f 2,4,5-T, 2,4-D, and picloram. 
Agent Orange was subsequently used by the U.S. 
military in Vietnam between January 1965 and 
April 1970 as a defoliant (Fig.2). Because of 
TCDD contamination in the 2,4,5-T component, it 
caused serious illnesses in many veterans who 
were exposed to it. Agent Orange often had much 
higher levels o f TCDD than 2,4, 5-T used in the 
US. The name Agent Orange is derived from the 
orange color-coded stripe used by the Army on 
barrels containing the product.
Figure 2.
Air shot o f plane spraying Agent Orange 
over a thick jungle.
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2,3,6-Trichlorophenylacetic acid (2,3,6-T, Chlorfenac, 
Fenac)5 is an effective pre-emergent herbicide for perennial 
weeds. While this pesticide can be formulated in any of the 
ways suitable for chlorophenoxyacetic acids in general, it has
2,3,6-T a higher resistance to decomposition in the soil with respect
to its contenders6. The crude product usually contains 65-70% of 2,3,6- 
trichlorophenylacetic acid and 35-30% of related compounds respectively. 
Chlorfenac is currently used as alkali-metal salts or amines, which are soluble in 
water, or in the form of emulsions with ethers. This chemical is particularly effective 
against weeds. So Fenac sterilizes the soil for 1-2 years if the rate of application is 
15-20 kg/ha, which allows its use for the control of pests at railways and aerodromes. 
Possessing rather strong fungicide and bactericide properties, 2,3,6-T is also used for 
the control of mucus in the paper industry. The acid can be obtained from the 
chlorination of 2,3,6-trichlorotoluene (Scheme 2)5. The product of chlorination 
(2,3,6-trichlorobenzylchloride) interacts with potassium cyanide to give the nitrile. 
These stages are followed by saponification of the nitrile in the presence of sulphuric
CHjCN CH,COOH
t X ^ T c
Scheme 2.
Common method for obtaining 2,3,6-tichlorophenylacetic acid5.
acid. Studies of the metabolism of Fenac revealed that it is stable in the environment, 
but dechlorination and hydroxylation take place to form humus-like products5 when 
exposed to light.
Pentachlorophenol (PCP) is one of the most heavily used 
pesticides in the US6. It is used primarily as an industrial 
wood preservative for utility poles, cross arms, fence posts, 
and similar wooden structures. It is registered for use as 
p c p  insecticide, fungicide, herbicide, molluscide, algicide,
disinfectant, and as an ingredient in antifouling paint. Pentachlorophenol is also used 
in sawmills, and as an ingredient in consumer wood-preserving formulations, 
herbicides, and pesticides. It is used in consumer items such as boats, furniture, and
log homes. Non-wood uses account for no more than 2 percent of current
consumption. Pentachlorophenol does not occur naturally in the environment. It is
7
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produced by the chlorination of phenol. In pure form, it exists as colorless crystals and 
has a veiy sharp characteristic odor when hot. Impure pentachlorophenol, which is the
form most likely to be found in hazardous waste sites, is a dark grey to brown dust,
beads, or flakes. Short-term exposure to pentachlorophenol can lead to poisoning that 
can be fatal and long-term exposure at low levels can cause mutations in living cells.
1.4. Chlorophenoxy acids as guest molecules
The structure of the parent substances was examined in detail because it is the crucial
point for the design of a host and will be given in full in this report. The geometry of
the pesticides is very complicated to be considered 
as one of the basic shapes (spherical, linear, 
tetrahedral etc.). Therefore the entire molecule 
was separated into the regions of known geometry 
and functionality. Later on in this thesis these 
molecules will be considered as a combination of 
the acetate anion COO' and the aromatic Tt-system 
with electron withdrawing substituents (Fig.3). 
Inductive and mesomeric effects of the latter will 
also be taken into account.
Close attention has also been paid to the mechanism of biological activity and mode 
of action of the pesticides to appeal to the natural way of binding within plants. 
Knowledge about the sites of interaction between pesticides and peptides in plants 
would allow to design more natural type receptors for the effective removal of 
pesticides.
Thousands of aromatic substituted organic acids are known to have growth-regulating 
activity6. The parent compounds in the group of chlorophenoxyacetic acids are 2,4- 
dichlorophenoxyaeetic (2,4-D) and closely related 2,4,5-trichlorophenoxyacetic 
(2,4,5-T) acids which are herbicides of considerable importance for the control of 
woody species and weeds13. 2(2,4,5-Trichlorophenoxy)propionic acid is suitable for 
the control of plant species such as oaks, maples, aquatic weeds and others resistant to
2,4-D and 2,4,5-T. 2,3,6-Triehlorophenylacetic acid is an effective pre-emergent 
herbicide for perennial weeds. With respect to 2,4-D analogues, the number and 
position of the chlorine substitutuents is of critical importance. Activity is maximal
Figure 3.
Inductive and mesomeric effects in 
the molecule o f  2,4,5-trichloro 
phenoxyacetic acid.
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with 2,4- and 2,5- dichlorophenoxy acetic acids. It was also shown that substitution of 
the chlorine atom in position 2 of the benzene ring hardly changes the activity of the 
pesticides14. Replacement of chlorine with other halogens decreases the activity in the 
order Cl > Br > I > F. In addition to the phenoxyacetic acids, phenoxypropionic acids 
exist as optically active (+) or (-) isomers of which the former is active and the latter 
is inactive15.
Finally it was concluded that the fundamental activity of the chlorophenoxy acids 
depends on the presence in the molecule of three distinctive characteristics: i) an 
unsaturated ring system; ii) a free a-hydrogen atom and iii) a carboxylic group or a
group which can undergo biochemical convertion14. 
These three centres must make contact with three 
specifically placed receptor cells at a critical boundary 
surface within the plant. Recent studies have suggested 
that active auxin-like structures must possess a decisive 
distance of about 5.5 A between the hydroxylic group 
and an atom of the aromatic ring which is able to accept 
a positive charge6 (Fig.4).
Since phenoxy- and phenylacetic acids are auxins and 
can cause growth reactions in a similar way to those 
produced by natural growth regulators, their introduction 
into the delicate hormonal balance of growing plants 
causes deep changes in the normal growth process16. As 
a result, the principal aspects of the growing model such 
as root elongation, leaf expansion etc. proceed 
abnormally. The mechanism of interaction between the pesticides and plants is very 
complicated and occasionally ambiguous. However, taking into account only very 
fundamental steps, the mechanism of interaction can be simplified and represented as 
follows13,17,18:
• Uptake of herbicides by leaves;
• Movement of herbicides within the plant;
• Metabolism of herbicides;
• Internal location and storage of herbicides;
• Action by herbicides.
Fi gure  4.
Average distance between 
a hydroxyl group and an 
aromatic ring o f the 
carboxylic acids under 
investigation.
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From the practical point of view, the metabolism and the action stages are subjects of 
scrutiny. This statement is based on the fact that a good deal of covalent and non- 
covalent interactions are involved and these are of particular interest in terms of future 
host modelling.
The pathway of metabolism of the phenoxy- and phenylacetic acids has been relatively 
well investigated. A summary of present knowledge in this area is shown in Scheme 
313,17,18. Processes such as conjugation, hydroxylation and side chain cleavage
CHoCO—glucose
Scheme 3.
Pathway o f  metabolism of2,4,5-ti'ichlorophenoxyacetic acid13,17,18.
dominate. Conjugation of the parent carboxylic acid to sugar is reported to involve 
glucose only16. However, it is very likely that the list of carbohydrates can be longer. 
Conjugation with amino acids presumably involves asparic and glutamic acids, yet the 
total list is impressive. Although side chain degradation is out of our direct interest, it 
is worth mentioning that this step, which was found to be a single stage process, 
yielded glycolic acid and its corresponding phenol. All the metabolites are believed to 
be inactive like auxins and the process may he considered as a detoxication 
mechanism16. Considering the overall process, it is not difficult to conclude that the 
basic interactions are likely to take place at the amino, hydroxyl and carboxyl groups. 
Unfortunately, the vast majority of such interactions are covalent and, therefore, have 
little in common with the reversible supramolecular complexation19. It is not possible 
to represent an accurate structure of conjugates between phenoxyacetic acids or their
10
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metabolites and sugars or amino acids because their nature has not been established. 
Nevertheless, it is very likely that they consist of ester- and ether-linked glycosides 
attached to two or more sugar residues20.
Undoubtedly, the protein binding is the most challenging process. Indeed, the bond 
between the protein and the template species can be either covalent or non-covalent. A 
schematic representation of the imprinting process is shown in Fig.519,21, Avidin,
which acts as the host molecule, is a basic tetrameric glycoprotein isolated from egg 
white and the guest is Biotin also known as Vitamin B. The non-covalent binding 
approach seems to have greater potential for the future molecular imprinting due to 
the vast number of compounds, which are capable of non-covalent interactions with 
polymeric monomers. On the one hand, these non-covalent bonds are easily reversed 
to liberate a guest and use the substrate repeatedly. On the other hand, these should be 
strong enough to provide a tough complexation for the removal of the guest molecule. 
For this reason, attention has been focused on the use of non-covalent interactions as a 
means to produce novel ligands and polymeric products.
Tinning back to the pesticides, it should be mentioned that not only does a protein 
structure play a substantial role in the binding process but also on the structure of the 
pesticides themselves. Considerable research on the ability of com leaf proteins to 
bind certain derivatives of phenoxyacetic acid was carried out and ended up with 
interesting results14. Subsequent introduction of chlorine atoms into the benzene ring 
of 4-chlorophenoxyacetic acid at 2 (2,4-D), 2 and 5 (2,4,5-T), and 2 and 6 (2,4,6-T) 
positions does not weaken the ability of the respective derivatives to form complexes
11
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with proteins. Acceptance can also occur in the case of a methyl radical being 
substituted for hydrogen at the 2 positions in the ring. On the other hand, proteins do 
not fix 2,4-dichlorophenol or 2,4-dichloroanisol even though they are identical to 2,4- 
D with respect to the position of the chlorine atoms in the ring. Proteins also do not 
interact with compounds having a methyl group in the 2 or 3 position of the aromatic 
ring although the introduction of a radical at position 4 is extremely effective.
Thus, the data on binding of the phenoxy compounds by corn proteins allow the 
identification of two crucial factors, which have significant influence on the 
complexation process on the whole such as i) the presence of the acetyl moiety in the 
molecule and ii) the location of one substituent in the benzene ring in para position 
with respect to this acetyl moiety.
In the latter instance, the requirements regarding the nature of the substituent 
apparently are not strictly specific. At any rate, introduction of either a chlorine atom 
or methyl radical at the para position ensures the acceptance of the substance by 
proteins. On the other hand, substitution of hydrogen at any other position of the ring 
does not influence much the complexation process14.
This reported ability of com proteins to react only with the phenoxy derivatives of a 
definite type has considerable interest and allow to hypothesise that the protein 
molecule surface contains specific sectors that are complementary to the aromatic 
compounds containing the acetyl moiety and a chlorine atom or a methyl (or possibly 
another) radical at the 4 position. It is the reference direction in this work to model 
Nature-like centres of interaction and to reproduce the mechanism of selective 
recognition between given species.
Hydrogen-bonding interactions define the precise structure of biological molecules 
and their complexes. The energy of such interactions, which occur between a donor 
and an acceptor group, depends on the separation and mutual orientation of the groups 
of atoms. The nature of such interactions is mainly electrostatic and therefore not only 
could groups such as amino, carboxyl, hydroxyl etc. be taken into consideration but 
also other structures in which repulsive and attractive forces between partially 
charged atoms are involved.
A number of studies of interactions between drugs and proteins showed that the 
benzene ring and other aromatic systems can interact with well-known hydrogen bond 
donors like nitrogen, hydrogen or sulphur atoms21. These positively charged groups 
are preferably located near the 7t-electron cloud. The geometiy of such interactions is
12
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Figure 6 .
The idealised geometry o f interaction 
between benzene ring and amino group22.
given in Fig.622. The amino group lays on 
the 6th fold symmetry axis of the ring so 
all interactions between any of the six 
carbon or the hydrogen atoms are 
equivalent. Distances involved in energy 
calculations can each be expressed in 
terms of x (the distance from the centre of 
mass of the ring to the nitrogen atom). 
Variations of the amino-benzene 
interaction energy in terms of the distance 
of the amino group from the centre of the 
aromatic ring, as well as with the angle of 
the H atom rotation off the symmetry axis 
and the angle of the N  atom rotation off 
the ring axis are shown in Fig.722. From 
the above it appears that, theoretically, 
the strongest interactions taking place are 
those at the distance of about 3 A from 
the centre of the aromatic system to the 
nitrogen atom. At the same time, the 
amino group should lie at the 6th fold 
symmetry axis perpendicularly to the 
aromatic ring plane. In a similar way, the aromatic rings of the phenyl- and the 
phenoxyacetic acids are able to operate as hydrogen bond acceptor and this type of 
interactions should be taken into consideration when designing the host molecule. 
Finally, two basic conceptions were selected for further progress. As long as the 
pesticides act as both, ionic and neutral guests, the anion and neutral species 
recognition approaches are to be used for the design of host molecules.
(a) (b) («)
Figure 7.
a) Variation o f  interaction energy with 
distance o f  NH group from the center of 
benzene ring; b) Variation o f energy as the 
proton o f  NH group is rotating o ff the ring 
axis; c) Variation o f energy as the whole 
NH group is rotated o ff the ring axis22.
1.5. Theoretical basis for a host molecule design
As it was mentioned before, the design of the host molecule for selective anion or 
neutral species recognition requires that the geometry, the nature of solvent, the pH of 
the media and some other factors are taken into account. Structural similarities 
between the receptor and a guest are crucial for resolving the selectivity dilemma. A
13
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useful way of categorizing anion receptors is to consider the types of interaction, 
which are likely to bind the target molecular or ionic species.
There are two different types of forces, which are responsible for the formation of a 
strong complex and these are simply named type I and type II forces23. It has already
been mentioned, that type I interactions can be 
attributed to repulsion between the guest molecule 
and the solvent. Classical example of such binding is 
that involving complex formation with cyclodextrins 
(Fig.8). The attractive forces in this case are the 
result of a hydrophobic effect forcing the guest 
species to displace molecules of water from the 
internal cavity of cyelodextrin24. Type II attractive 
forces between host and guest molecules are 
particularly important in aprotic media because of their electrostatic nature, which 
result in the numerous charge-to-charge, hydrogen bonds, n-n, and van der Waals 
interactions30. It is reasonable to suggest that often these intermolecular forces take 
place simultaneously and then their combinations are a matter for further discussion.
1.5.1. Anion recognition
Anion recognition chemistry was, perhaps, mentioned for the very first time in the 
late 60’s, roughly at the same time when research on both, the coordination chemistry 
of crown ethers and cation binding by cryptands were initially published by Pedersen 
and Lehn respectively25. Since then, a great deal of attention has been paid to the 
coordination chemistry of cations, particularly alkali and alkaline-earth metal cations. 
Since the middle 70’s, when Gutsche proposed the name of “Calixarenes” for the 
products of condensation of 4-terf-butyl phenol and formaldehyde26, these cavity­
shaped molecules have been under scrutiny due to their complexing abilities and ease 
of fimctionalisation. The first success in demonstrating their capabilities as 
complexing agents was achieved by Izatt and his colleagues at the Brigham Young 
University in Provo, Utah in 198327. They discovered that calixarenes possess
significant transport ability for Group I cations in strongly basic solution. This was in
• • * • 28 • contrast with crown ethers, which are more effective in neutral solutions . Attention
was mostly paid to the cation coordination chemistry and, in contrast, the coordination
Figure 8 .
y-Cyclodextrin Structure.
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chemistry of anions received little concern. Therefore, there is little surprise in finding 
that cation recognition of supermolecular chemistry has become a highly developed 
and very mature area nowadays, yet the study of anion recognition has been on the 
decline. Nevertheless, in the last twenty years this area of Supramolecular Chemistry 
has recovered and is growing again. There are a few reasons for such a renewal of 
interest in the area. Anions are a vital part of any biological system. They cany 
genetic information (DNA is a polyanion) and the majority of enzyme substrates are 
also anions. Anions play an important role in the areas of medicine, catalysis and 
agriculture. The latter is the subject of consideration in terms of environmental 
pollution. As long as pesticides and other compounds are widely used, they might fall 
into human food chains with unwanted and often dangerous consequences. As a 
result, the safety issue and possible effects of pesticides on humans, animals, plants 
and other bio-organisms are a matter of concern.
The design of anion receptors is particularly challenging. There are a number of 
reasons for this. Anions are larger than isoelectronic cations and therefore have a 
lower charge to radius ratio29 (Table 1). This means that electrostatic binding 
interactions are less effective than those for the smaller cation. It is easy to notice that 
this factor may be applied to spherical anions only, although unlike cations, the 
shapes of anions are often far from spherical. As far as this work is concerned, a 
particular interest lies in the area of pesticides. Within this context a parameter such 
as the “charge to radius” ratio does not make much sense for pesticide molecules, 
though some other distinctive features of the structure of chlorophenoxy acids are 
discussed below. In addition, anions are sensitive to pH30. They lose their negative 
charge when protonated at low pH and, therefore, an anionic receptor must function 
within a certain pH range of its target anion. Not only are anions subject to the effect 
of pH but so is the host molecule. Dealing with amino derivatives of calixarenes 
requires a careful choice of pH. The overwhelming ease of protonation of the nitrogen 
atom causes many difficulties during the synthetic activities and further experimental 
work. As it has been mentioned above, the geometry of anionic species is a matter of 
great concern. Actually, the vast majority of them are not spherical at all with the only 
exception of the halide anions. This makes the host molecule design to be something 
of a “work of art” and often requires considerable effort to achieve satisfactory 
results. At the same time, this can be seen as the major drawback in the design of host 
molecules. Making a suitable interaction site for a specifically shaped guest often
15
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Table 1.
A comparison o f radii o f isoelectronic cations and anions28.
Cation Ionic radius, A Anion Ionic radius, A
Na + 1.16 F ' 1.19
K + 1.52 O ' 1.67
Rb + 1 .6 6 Br' 1.82
Cs + 1.81 r 2.06
Table 2.
Shape o f  various anionic species.
Shape Hybridisation Example
Spherical - F , C l\ Br', T
Linear sp N3' ,CN', scisr, OCN,OH~
Trigonal planar s p 2 co3- ,n o 3-
Tetrahedral sp 3 P 0 43', V 0 43', S 0 42', M n04’, Mo0 42", S e0 42'
Octahedral sp 3 d 2 [Fe(CN)6]4‘, [Co(CN)6f
Complex - DNA double helix
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requires restraining other species from interacting with the receptor. This ability to 
distinguish between sterically different but chemically similar molecules is called 
selectivity and a good example illustrating this property is the DNA spiral. Copying 
mistakes are scarce and are usually caused by direct DNA damage by chemicals or 
ultraviolet light. All the basic geometries of anions are given in Table 2. Solvents also 
play a crucial role in the effectiveness and selectivity of anion complex formation31. 
The competitive processes of anion solvation and hydrogen bond formation in 
solution mean that there is a competition between the solvent and receptor for the 
anion. In general, a neutral receptor cannot compete with a protic solvent for binding 
anions because of the very strong solute-solvent interactions, hi this case the media 
should be chosen from among aprotic solvents, so that the receptor has a greater 
ability to compete for the anion. Not only might the solvent itself, but also the form in 
which the guest exists in the media, affect host-guest interactions. The dissociation 
and dimer formation of chlorophenoxy acids can be considered as an illustration of 
how the solvent can influence the formation of different species in solution. It was 
shown experimentally that in aprotic media pesticides are present solely in their 
associated forms. The last factor, which influences the selectivity of a receptor, is 
hydrophobicity30. In brief, hydrophobic anions are generally bound more strongly to 
hydrophobic binding sites, as it is connected with effective repulsive forces between 
the anion and the solvent.
1.5.2. Recognition of neutral molecules
Molecules, which have a natural concave surface, are often potential receptors for 
different species. These interactions may resemble a scaled down analogue n 
undersized model of those taking place in enzymes and proteins19. A receptor can 
recognise a guest molecule on the basis of complementarity using its cavity as binding 
site. Electrostatic forces bind a host and a substrate molecule together. These forces 
are different from those involved in covalent compounds. Unique structures which 
can be obtained in this way, are called supramolecular complexes. The strength of 
such interactions and, thus, the stability of the complexes highly depend on the types 
of interactions between host and guest. These non-covalent interactions might be 
divided into a few separate groups, which are shown below23, together with the 
typical binding energies:
• Ion pair formation: 100 - 600 kJ/mol;
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• Ion - dipole interaction: 40-500 kJ/mol;
• Hydrogen bond formation: 10-40 kJ/mol;
• Cation - 7t-electron interaction: 5-80 kJ/mol;
• Hydrophobic interactions: 20-30 kJ/mol;
• van der Waals interactions: up to 5 kJ/mol.
Besides the factors mentioned above, there are also others, which influence the 
complexation process as a whole. These are basically the same as were mentioned for 
anion binding and are discussed briefly with the main emphasis on differences 
between two processes.
The complexation of organic guests in lipophilic solvents requires the latter to be 
large enough so as not to enter the cavity and, thus, compete with the guest molecule 
for accommodation. The nature of the solvent should be taken into account in a way 
that only desirable speciations take place. The host molecules have to be considered 
as potential reagents. Nitrogen containing moieties of a receptor, for instance, can be 
easily protonated in acidic media and precipitated instead interacting with a substrate. 
Cavity size is often a crucial point for binding large organic molecules. Although the 
fact is quite self-explanatory, some aspects of larger cavity involvement are worth 
mentioning. It is well-known that calix[4]arenes, especially in their cone- 
conformation, provide an intramolecular cavity of convenient size for accommodation 
of a great deal of different species32. Larger calixarenes consequently possess bigger 
cavities that lead to the similar inclusion phenomena. However, these are significantly 
less studied and applied due to their conformational flexibility33. The kinetics of 
intermolecular host-guest interactions determine the field of applications for a 
receptor. A slow complexation process is usually less desirable than a fast one. It is 
rooted in the practical application and commercialisation of the materials based on the 
designed host molecules34. Thus, fast exchange in host-guest recognition can lead to 
receptors which are useful for sensor devices, whereas in the case of slow-rate 
interactions, selective molecular separation can be performed at its best.
1.6. Calixarenes
Cavity-shaped cyclic molecules obtained as products of the condensation of p-tert- 
butyl phenol with formaldehyde in alkaline medium are known as “calixarenes”. 
Gutsche35 proposed this name for this class of compounds in 1975. The name is
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derived from the Greek “calix” meaning vase and “arene” that is pointing to the 
presence of aryl residues in these macrocycles. However, it should be mentioned that 
Baeyer36 isolated and identified the product of reactions between phenol and 
aldehydes and published his results in 1872, so they were originally discovered over a 
century ago. On the edge of the nineteenth and twentieth centuries Baekeland37 
discovered a commercially usefiil material obtained from the condensation of phenol 
and formaldehyde in the presence of small and controlled amounts of base. In 1944 
the Austrian chemists Zinke and Ziegler38 assigned the structure of a cyclic tetramer 
obtained as a white crystalline product from the condensation of /^ -substituted phenols 
with formaldehyde in the presence of an inorganic base. In 1955, Comforth39 
postulated the presence of certain spatial structures these compounds can adopt, which 
are now known as “conformers”. Lately these structures have been referred40 to as 
“cone”, “partial cone”, “1,2-alternate” and “1, 3-alternate” (Fig.9). Finally, in the
Cone Partial cone 1,3-alternate 1,2-alternate
Figure 9.
Different conformations o f p-ter/-butylcalix[4] arene in solution19.
late 1970’s the Petrolite Company suggested a “one step” process for the synthesis of 
calixarenes41-43, which consisted of refluxing a mixture of /^ -substituted phenol, 
paraformaldehyde, and a veiy small amount of concentrated aqueous base in xylene 
for several hours.
The characteristics and properties of calixarenes have made them an interesting 
subject for investigation especially in the field of ’host-guest’ chemistry. These days 
many distinctive chemical properties of these compounds are known such as the 
partial or complete functionalisation of the phenolic hydrogens at the lower rim, or the 
substitution of the para positions at the upper rim44. As a result, cavity size and, 
consequently, selectivity towards various guests can be changed, which has led to an 
extensive research field45.
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1.6.1. Why calixarenes?
Many calixarenes form complexes in the solid state. This property was observed long 
ago and complexes of p-fer/-butylcalix[4]arene with chloroform, toluene, benzene, 
xylene and anisole were reported23,32,34. Complexes of higher calixarenes with 
methanol, isopropyl alcohol and acetone were also obtained33,46. In addition, many 
examples have been reported at the same time on complex formation in 
solution23,33,34. A wide variety of macrocyclic compounds have been shown to bind 
ions and neutral molecules in solution including not only calixarenes, but 
calixpyiToles, crown ethers and cryptands33 (Fig.10). So why were the calixarenes 
chosen for further functionalisation and used as complexing agents?
/ u u u L  
Vv° \ 3
Dibenzocryptand 222 
Figure 10.
Several types o f  macrocyclic compounds.
The calixarenes, which are macrocyclic compounds containing cavities of molecular­
sized dimensions, are interesting because of their potential as enzyme mimics. As it 
was shown earlier, the first step in the enzyme-imitative process involves a complex 
formation between the mimic and the guest. This step is often followed by chemical 
modification of the guest molecule and its further transport into the living tissue. The 
most intriguing property of calixarenes is their ability to act as flexible “baskets”, 
providing hydrophobic and hydrophilic cavities23. This distinctive feature provides the 
opportunity to create a significant variety of derivatives with pre-programmed 
properties as evidenced in the enormous number of research publications29,33. Such 
interest will almost certainly not fade in the near future because the ability of 
functionalisation and the convenience of using such framework are effectively 
inexhaustible. In addition, the conformational behaviour of the calix[4]arene 
framework can also be predicted and accurately adjusted for interacting with certain 
guests. As such, calixarenes can adopt four extreme conformations in solution46. 
However, there is one more stable symmetrical structure, which has two opposite 
aromatic rings almost parallel, while the other two adopt a flattened position. This
r ° - A
C° cr
18-Crown-6
W J
Calix[4]pyrrole
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structure is called “pinched cone” conformation47. The pinched cone conformation 
may influence the properties of calixarene-based receptors and might be the result of 
intramolecular hydrogen bond formation. Finally, the conformation may be rigidified 
by alkylation of the phenolic hydrogens of the lower rim when substituents larger than 
the ethyl group48 are introduced.
1.6.2. Calixarenes for anionic and neutral species recognition
The stability constants of complexes of macrocyclic compounds with organic 
molecules in solution can be determined by various techniques. *H N M R 49, titration 
calorimetry50*52, potentiomety51, UV 52 and reversed phase HPLC53’54 are prevalent. In 
using one of them, a delicate balance between solubility, dissociation, speciation, heat 
effect, retention time and many other physico-chemical properties of the interacting 
particles should be taken into account. Although the values of stability constants may 
vary depending on the specific technique used, these are a convenient comparative 
measure for various complexation processes. Hereinafter the stability constants are
used as the key parameter that allows us to compare the strength of binding and
therefore the selectivity of the receptor to a certain guest.
After weak interactions of calix[4]arenes with various solvents in both, the solid state 
and in solution were first discovered23,32,34, interest in this intriguing property has not 
disappeared. Earlier studies of upper and lower rim functionalised calixarenes mainly 
provide information on complexation with solvents, aliphatic and aromatic amines, 
carboxylic acids and phenols. Interactions between the above species and Gutche’s
“double cavity” calixarenes as 
well as disubstitued single­
cavity derivatives (Fig.ll) 
were investigated55. This 
research revealed weak 
interactions between the 
species under investigation 
(log Ks varied from 0.70 to 
1.74) and therefore selectivity 
of the receptors toward these 
guests was found to be poor.
NH X Q
a) X = C=0
b) X = CHj
b) X = Me
c)X =
NO,
w
NO,
Figure 11.
Gutche’s lower rim functionalised calixarenes for anions 
and neutral species complexation.
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Urea and thiourea are particularly good hydrogen-bond donors and are excellent 
receptors for bidentate anions such as carboxylate or nitrate through the formation of 
two hydrogen bonds30’56-58. On the other hand, carboxylate, phosphate and nitro 
groups act as bidentate participants being involved in binding interactions. There are
also less commonly mentioned species such as 
neutral nitro, hydroxicarboxylate, hydrogen 
and dihydrogen phosphate that possess the 
structural similarity to the previously 
mentioned species. Very simple mono- (a) and 
bisurea-based (b) receptors (Fig.12) were used 
by Kelly and Kim in assessing the relative 
affinity of the above ions toward a common 
partner59. On the whole, the research revealed 
increasingly stable complexes with more 
negatively charged and more basic bidentate 
anions. Stability constants of the receptor a, for instance, interacting with phenyl 
hydrogen phosphate, carboxylate and phosphate anions in DMSO were 2.15, 2.18, 
and 3.40 respectively in terms of logarithms. In addition, log Ks for the same receptor 
and the tetrabutylammonium phenylcarboxylate in chloroform was as high as 3.11 at 
298.15K. Receptor b was specifically designed to bind meta-dinitro-substituted 
benzenes and related anions. Within this context, the stability constant for the 
complexation of b with monovalent tetrabutylammonium phenylcarboxylate in the 
same solvent has a rather moderate value (log Ks = 2.02). In contrast, meta- 
dicarboxybenzene shows a log Ks value as high as 4.80 in chloroform at 298.15K. 
Having assessed the binding ability of the simple receptors, the interest in the
macrocyclic effect of the calix[4]arene 
framework fimctionalised with urea moieties 
was coherent. For instance, some diametrically 
lower rim functionalised calix[4]arenes may 
adopt the “pinched cone” conformation due to 
hydrogen bonding between opposite urea 
moieties56 (Fig.13). In this case the skeleton of 
calix[4]arene is rigidified and providing a well
a(NH---O) 153.6C
r(H—O) 1.797
r(N—
2.735 ------------
3 .1 6 8 , 'V * '
2,374
N - -H
135.9°
Figure 13.
Geometry o f  hydrogen bonding motif, 
containing urea derivatives.
o. .NH hny °
.NH . HN^
n-Bu D n-Bu
Figure 12.
Mono (a) and ditopic (b) urea-based 
receptors.
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shaped cavity for further complex formation processes. Nonetheless, it is often a 
misleading conception that intramolecular* hydrogen bonds favour complexation of 
various guests. Due to the same head-to-tail hydrogen bonding between urea 
substitutes, other notable process may take place in solution, when urea-functionalised 
calix[4]arenes are involved. It was shown by Rebek et al57 that upon complexation of 
(di)carboxylate anions a molecular capsule based on the hemispherical substructure of 
calix[4]arene can be formed. The receptor was found in its monomeric form in 
DMSO-d6 while a well-behaved dimer was observed in a p-xylene-dio solution. This 
dimerisation has, however, some advantages allowing the encapsulation of relatively 
small molecules such as fluorobenzene. Moreover, on addition of other ureas such as 
the phenyl-a-phenylethyl derivative to the latter solution, the fluorobenzene was 
liberated as shown in Scheme 4. This behaviour is most likely to result from
Scheme 4.
The denaturation o f capsule on addition o f urea derivative.
competitive hydrogen bonding, a process analogous to the denaturation of proteins 
containing urea moieties. At this point a supplementary mechanism of recovery of the 
receptor can be suggested besides those mentioned previously.
Schiff bases, which are the product of condensation between amines and aldehydes, 
are another distinctive family of compounds that have received considerable attention. 
Being potentially capable of interacting with acidic species through hydrogen bond 
formation in solution, these structures were worthy of investigation. A simple pH 
switching mechanism for a guest liberation and recycling of the receptor could be 
employed in this case.
Recent attempts by Lhotak et al.60 to synthesise another intermolecularly bridged 
calix[4]arene and investigate the influence of preorganisation and the overall rigidity 
of the receptor to the complexation process confirmed insufficiency of the above
23
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factors for a definite molecular recognition. Frozen in 
a cone conformation, the synthesised receptors were 
equipped with bridged aromatic aldehyde moieties 
(Fig.14). Corresponding stability constants, log Ks, 
for interactions of this receptor with acetonitrile, 
acetone, malononitrile and chloroacetonitrile were 
1.28, 0.60, 2.05 and 1.28 respectively in CDCfy at 298 
K. It was demonstrated that the suppression of 
conformational motion does not seem to result in an 
enhanced ability to include neutral guests. 
Nonetheless, it was evident that the receptor possesses 
the highest affinity towards malononitrile, which is obviously the most acidic in this 
series. On the other hand, it was reported that the receptor was unable to 
accommodate the ethyl acetate molecule, which suggests that the CH-tt interactions in 
solution should be supplemented with other types of intramolecular forces for the 
formation of strong complexes.
Apart from the binding of anionic and neutral species in organic medium, researchers’ 
attention has also been paid to water-soluble calixarene derivatives. The latter were 
obtained by functionalisation of the lower or the upper cavity with moieties such as 
cyclodextrines61, aminoacids62, glucoside63, propylene glycol64 and various 
hydrophilic groups (tertiary amino65, carboxyl66, sulphates67 and phosphates68). 
Sulfocalixarenes are, probably, the most investigated compounds of this family. The 
stability of their complexes in water with uranyl-cations69 (log Ks > 19), lanthanides70 
(log Ks varies from 4.70 to 4.90) and even fullerenes71 has been reported, hi contrast 
to sulfocalixarenes, their phosphorous water-soluble analogue have been investigated 
to a significantly lesser extent especially those specifically designed for binding of 
pesticides. Nevertheless, an example of the successful application of phosphorous 
calix[4]arene derivatives for binding 2,4-dichlorophenoxyacetic acid and atrazin was 
reported by Kalchenko et al.12. In their research, complexation studies of several 
calixarenes containing dihydrohyphosphoryl groups attached directly or via an 
aminomethyl spacer to the upper rim have been carried out in aqueous solutions 
(Fig.15). Although the range of pesticides under investigation was narrow, and 
therefore selectivity of these compounds toward certain species could not be assessed
Fi gure  14.
Intramolecularly bridged
calix[4]arene receptor for 
neutral guest molecules
recognition.
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a b e
F igure 15.
Phosphorous water-soluble calixarenes for 2,4-D and atrazin complexation.
in full, it was demonstrated that these receptors form complexes of moderate strength 
with the above pesticides. Stability constants (log Ks) for receptors a,b and c and 2,4- 
D in water at 298K were calculated to be 3.56, 2.89 and 3.71 respectively, while these 
computed for Atrazine at the same conditions were 3.83, 3.40 and 3,81 in terms of 
logarithms. The moderate strength of the complexes allowed the authors to use a 
simple and effective pH swathing mechanism for releasing the guest species and 
recovering the macrocycles. As it has been previously mentioned, a combination of 
intramolecular forces is required for the successful encapsulation of guest species. In 
the given example the hydrophobic effect of the solvent, electrostatic and n-n 
interactions were jointly involved while the hydrophobic effect of water played the 
leading role. The cavity size and its pre-organisation were also identified as important 
factors in the binding process. Conformational changes in receptors b and c were 
suggested to weaken the complexation of 2,4-D in water at 298K, whereas the highest 
stability constant at the given conditions was found for a molecular complex between
2,4-D and receptor a, which conformation is stabilised through intermolecular
PhOH—OPr hydrogen bonds at the lower rim.
1.7. Alternative methods for removing acidic herbicides from the environment
Solid-phase extraction was developed as an alternative method to liquid-liquid 
extraction for separation, purification or exchange of solutes from solution. This 
technique is faster, simpler, more economical and environmentally friendly than its 
liquid-liquid analogue. Since acidic pesticides have been used so widely all over the 
world, various methods for their extraction and analyses began to appear* almost 
immediately after their introduction in agriculture and industry. Waters Associates73 
introduced the first silica-contained disposable column in 1977. Since then, research
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in the field to improve the performance of different solid-state agents has been 
actively continued. Due to the obvious similarity between the purification technology 
and high-performance liquid chromatography (HPLC) or gas chromatography (GC), 
these techniques have taken the lead in the field. The choice of solvents, sorbents, 
techniques and subsequent sample treatment is dependent on the detection 
instrumentation to be used for the final determination. Whether HPLC or GC is finally 
selected, either technique has advantages and drawbacks for the determination of 
acidic herbicides74. Although GC is less subjected to interferences from accompanied 
compounds than HPLC, the acidic pesticides are non-volatile and have to be primarily 
modified for GC analysis. At present, there are several types of extraction sorbent 
available. Bonded silica, graphitised carbon and polymeric sorbents extract pesticides 
interacting with the latter via van der Waals forces, whereas anion exchange resins do 
so on the basis of electrostatic interactions. Although the literature on solid-phase 
extraction of chlorinated acidic herbicides from aqueous samples is abundant, 
information on the use of calixarene-modified stationary phases for this purpose is 
scarce.
Bonded silica is the primary choice for the chlorophenoxy acid family. Acidic 
herbicides retain on the surface of silica as ionised compounds or as ion-pairs. The 
most commonly used reversed-phase sorbent is octadecyl silica Ci8. In their research 
Butz et al.15 tested over thirty acidic compounds (including 2,4-D, 2(2,4)-D and 2,4- 
DB) using this sorbent. A distinctive feature of this method is that the recovery of the 
herbicides decreases with an increase in their side chain length, whereas the opposite 
is true for compounds with branchy aliphatic chains. In other words, 2(2,4- 
dichlorophenoxy)propionic acid is better extracted than 2,4-dichlorophenoxyacetic 
and 4-(2,4-dichlorophenoxy)butyric acids respectively. Considering the aliphatic 
nature of the sorbent in use, this outcome was the most expected. Advantage of the 
method is the rather high flow-rate through a column although it could be annihilated 
by the high cost of the sorbent.
Graphitised carbon black sorbents are used for the simultaneous extraction of neutral, 
basic and acidic compounds. Such versatility is due to the combination of both, non­
specific (van der Waals) and ionic (electrostatic) interactions. The advantage of using 
sorbent possessing such high retentive properties is questionable considering the 
problems found regarding the desorption of pesticides from these materials76. 
Needless to say that selectivity is merely a notional concept with regard to this
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technology and hazardous organic solvents (or their combination) should be employed 
to overcome the electrostatic retention of the material77.
A typical polymeric resin was prepared by copolymerisation of styrene (PS) and 
divinylbenzene (DVB). During the process DVB links chains of styrene at random
points resulting in the formation of polymers with very 
small pores. A higher percentage of DVB leads to an 
increase in the degree of cross-linking and, 
consequently, determines the size of the pores. These 
sorbents are known to have a higher capacity to retain 
polar compounds than bonded silica. Hodgeson et al.1* 
verified 13 acidic herbicides and found that polymeric 
resins were better than octadecyl silica in almost every 
single parameter including the recovery of the material 
after use. The improved performance of the PS-DVB 
resin is usually attributed to its aromatic, polymeric 
structure, which interacts with chlorinated phenoxy 
acids via n-n interactions. Another unambiguous 
advantage of the sorbent is its extensive surface area. 
This specific parameter is closely tied with so-called 
“porosity” or, in other words, the amount and diameter 
of pores in a unit of the material. Typical PS-DVB 
resins are characterised by pore sizes less than 30A and 
porosity with void volumes, which rarely exceed 20%  
(Fig.l6a). In the late 50s, however, Alfrey and Lioyd79 
prepared another type of porous polymers that were 
called “macroporousThe original idea was that 
polymerisation takes place in the presence of 
substances (porogens) that are soluble in monomeric 
components but insoluble in the polymer formed. Thus, 
pores are formed in the space between porogens. Most 
polymers of this class have pore diameters in the 100 - 300 A range and total pore 
volumes are typically 50% (Fig. 16b). The most recent breakthrough in the field was 
made by Barby and Haq in 198080. They developed a highly porous material with the
Figure 16.
SEM o f a) typical porous 
polymer, b) Amberlite® 
polymer manufactured by 
Rohm & Haas, c) Cavilinc® 
polymer.
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pores interconnected with each other. These polymers are known as “High Internal 
Phase Emulsions” (HIPE) and are characterised by particularly high porosity in the 70 
- 90% range (Fig. 16c). Such advances in polymeric science have led to the 
preparation of novel “designer” resins. These resins were developed with the main 
purpose of being used in solid phase syntheses and extraction of certain compounds of 
environmental interest. It is perhaps not surprising that being chemically modified 
with specific functional groups, these resins have demonstrated enhanced extracting 
characteristics compared with the classic non-functionalised resins or silicas81.
Anion exchange sorbents were used by Chatfield et al.n in their extensive research on 
acidic herbicides extraction. Strong quaternary ammonium resins in the fluoride, 
hydroxide, cyanide, acetate and butyrate forms were verified and the fluoride form 
was found to be the most suitable for the extraction of 2,4-D and 2,4,5-T from their 
solutions in water and other organic solvents. On the whole, these sorbents perform 
better than silica although time-consuming preconditioning is often required. 
Summing up the above methods, the major problem associated with solid-phase 
extraction columns packed with various stationary phases is the low selectivity of the 
retention mechanism.
Apart from the Supramolecular Chemistry approach, the enhanced selectivity toward 
certain compounds of interest can be achieved by using the Molecular Imprinted Solid 
Phase Extraction (MISPE) mechanism (Scheme 5). The basic principle of the MISPE
a b I I c
Template
Scheme 5.
Molecular imprinted solid phase preparation for extraction o f the template species.
lies in the creation of a polymeric matrix around the species of interest (a). After 
polymerisation of the matrix, the template is imprinted inside the material creating 
complementary sites for guests of similar morphology (b). Subsequent washing off of 
the template leaves a ready-to-use polymer with pre-programmed extracting abilities
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(c). In their research Baggiani et al.*3 used a molecularly imprinted polymer obtained 
by the reaction of 4-vinylpyridine (interacting monomer), ethyldimethacrylate (cross­
linker), methanol-water mixture (porogen) and 2,4,5-trichlorophenoxyacetic acid 
(template). The binding properties of this polymer towards the template were 
investigated and the former was used for the clean-up of the template and some 
related pesticides (2,4-D, Fenoprop, Dichlorprop) from real water samples. 
Comprehensive analysis of the results gives strong evidence that the imprinted 
polymer possesses significantly higher selectivity toward the template-related guests 
in various solvents relative to non-imprinted analogues. It is noteworthy that solvents 
such as dichloromethane, chloroform, tetrahydrofuran and acetonitrile were reported 
to decrease dramatically the retention of the guests in both imprinted and blank 
columns. Another remarkable observation was that the introduction of smaller than 
the template guests (acetic acid) into the original solution of 2,4,5-T or 2,4-D strongly 
affects the binding of these pesticides by the imprinted polymer. As such, the 
presence of 1% (v/v) of acetic acid in solution leads to 13.0% and 26.5% of 2,4,5-T 
and 2,4-D respectively being not retained by the polymer. Should the amount of acetic 
acid be increased to 10%, the use of the polymer would become inexpedient. This fact 
was attributed to the mechanism of molecular recognition. Closer examination led to 
the conclusion that the complexation of the smaller guests by the polymer was 
kinetically favoured. With this point in view, the selectivity of the method is a 
questionable issue. Finally, the results obtained show the MISPE technology has a 
similar recovery efficiency to that of the more traditional Cis extraction, while the 
clean up capability of the former is superior.
1 .8. Calixarene-imprinted polymers
The noticeable increase in the number of patents84,85 describing the practical use of 
various calixarene derivatives gives an indication that these compounds may certainly 
have a commercial interest. As it has been previously indicated, one of the first
• • • • 84 *patents was issued for a process of cesium recovery from radioactive wastes . This 
was immediately followed by another application of a calixarene derivative for the 
recovery of uranium85. To date, the list of similar applications has grown extensively 
and the Supported Liquid Membrane (SLM) technology has been extended to other 
fields86. However, the main drawback of SLM for industrial use is in its relative 
instability due to the progressive losses of the extractant during the run . In addition,
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extensive use of nonaqueous solvents causes a supplementary threat to the 
environment. This aspect could be tolerated should the contaminants represent a much 
higher risk to the environment than the most hazardous organic solvents. 
Nevertheless, this is not the case if the environmental factor is the one of absolute 
priority. Both negative aspects can be overcome by using denser membranes 
containing the macrocycle chemically attached to a solid support provided that its 
efficiency is not altered. Introduction of upper rim functionalised calixarenes into 
polypyrrole films, for instance, confirmed that even when scattered in the polymeric 
matrix, these calixarenes retained their known recognition properties88. The 
mechanical and chemical resistance of inorganic materials combined with the 
extracting properties of macrocyclic receptors allow the development of a clean 
separation technology free of hazardous organic solvents.
Up to now, this approach has been developed by immobilisation of various 
calixarenes into silica89'91 and synthetic polymers92'94 or by direct polymerisation of 
calixarene monomers95'97. Use of natural polymers such as chitosan and dextran has 
also been reported98. Both, the upper and lower rims of calixarenes have been 
employed to perform the above syntheses depending on the specific functionality of 
the final product. Taking into consideration the specific requirements for the material 
to be produced, several basic aspects should be emphasised. Initially, this material has 
to display similar extracting ability and selectivity for the obsolete pesticides under 
investigation as the receptor in its free state. Recovering of the complexing agent after 
use is a rather self-explanatory requirement for an environmentally friendly 
technology. Finally, an easier synthetic procedure would make this technology widely 
available and reasonably priced. Thus, with these objectives in mind, several 
strategies were chosen for further experimental work. None of these approaches 
involves intricate syntheses requiring additional partial functionalisation either of the 
lower or upper rims of the receptor. Instead, only existing functional groups of the 
calixarene framework and the moieties were employed for producing polymers and 
inclusion materials.
In 1994, Glennon and co-workers99 first prepared a silica-bonded calix[4]arene 
tetraester for the puipose of using it for the separation of metal ions and amino acid 
esters by HPLC. The results show that the recognition ability of the macrocycles 
could significantly improve the selectivity for the separation of many solutes. Since 
then, various calixarenes have been immobilised onto a silica surface or added to a
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mobile phase for gas chromatography, high performance liquid chromatography and 
capillary electrophoresis100'102. For these reasons, the first choice of the substrate was 
apparent. Several different techniques were available to introduce calixarene-based 
receptor onto silica. Some of them required additional selective functionalisation of 
the receptor which dramatically affected the yield of the latter and therefore would not 
be considered further. The major drawback of this method is that silica particles 
should be activated before any receptor could be immobilised on it. This is a rather 
time consuming and demanding process that, however, ought to be carried out 
painstakingly to achieve good results. Unfortunately, most of the synthetic methods 
for the preparation of silica-bonded calixarenes were patents103'105. Nevertheless, it is 
known that the reported methods mainly include hydrosilation, thiolene addition and 
various condensation reactions through a coupling reagent. The procedure suggested 
by Xu et al.106 is shown in Scheme 6. The advantages of this method were 
investigated further by Lai-Sheng et al. l07 This lies in the convenient use of the
o °x ,CH’ ,Si-OH + H3C—O /---'  _ H,C/ \ / ’ \ 
H,C Si—/ H.C Si-
_ /  V  *  \  /  \HjC—O O Si_0 CHj
H f i | J— cf CH,
Scheme 6.
Preparation o f p-/er/-buty leal ix[6 ]arene-1,4-
benzocrown-4-bonded silica gel stationary phase.
hydroxyl groups of the macrocycle, whereas initial treatment of the stationary phase is 
also necessary. A further issue has been addressed in the synthesis of calixarene- 
containing polymers, which exhibit the macrocycle moiety as an addition to the 
polymeric chain. Needless to say that the absence of a solid phase simplifies the 
synthetic procedure and, in most cases, allows us to follow the polymerisation process 
visually. Dealing with partially substituted calixarene derivatives it is possible to use 
both the phenolic and pendent arm functional groups to incorporate the receptor into
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the chain. Blasius and co-workers108'111 led the way to the preparation and analytical 
use of exchange resins containing dibenzo crown ethers or cryptands as anchor 
groups. These materials were prepared by the polycondensation of the above 
macrocycles with various cross-linking agents. An example of such a reaction, in 
which formaldehyde serves the purpose of the cross-linker, is shown in Scheme 7.
jO  * Y  ~hAh ■ 4 < X 0 / Q -
+ 0+  T  f t o .
Scheme 7.
Polycondensation o f  dibenzo-18-crown-6 via benzene moieties.
As it has been previously mentioned, the phenolic groups at the lower rim of 
calixarenes are also suitable for the polymerisation of calixarene derivatives. Dondoni 
et al.96 (Fig. 17) gave an example of such reaction. High molecular weight
t-Bu
Polycondensation o f disubstituted p-tert-butylcalix[4]arene 
via free phenolic groups using bisphenol-A as a linker.
copolyethers and copolyesters incorporating l,3-(distal)calix[4]arene and bisphenol-A 
moieties in the chain at different ratios were reported. The final option chosen was, in 
fact, an elegant attempt of narrowing down the numbers of synthetic stages even 
further. Polymer-supported synthesis is an important tool for the development of new 
synthetic strategies and the associated literature is extensive112'114. Among the most 
obvious benefits of this approach are i) the ease of workup and ii) the simple isolation 
of the product. In addition, the formation of side products is often minimised when the 
reactive species are covalently bound to a polymer support115. To date, the 
comprehensive selection of pre-functionalised resins is available from various 
suppliers and therefore such an approach was considered to be potentially beneficial.
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1.9. Solubilities of calixarenes and derived thermodynamic parameters
The medium, in which a host-guest interaction takes place, strongly influences the 
complexation process on the whole116. This could be partly attributed to the speciation 
of guest species in the given solvent, whereas the non-inert nature of both the 
hydrophobic and the hydrophilic cavities of calixarenes and their derivatives suggest 
another plausible explanation for such effect. It has already been repeatedly shown 
that calixarenes and their derivatives are prone to interact with a number of organic 
solvents ’ ’ . Thus, as far as the thermodynamics is concerned, the behaviour of the 
calixarene derivatives have to be verified in various solvents to examine the effect of 
receptor solvation on complexation. Since solubility data have been determined in a 
variety of solvents, the solution Gibbs energies, ASG°, can be derived for the cases 
where no solvate formation was detected117. Hereinafter, the changes in solvation of 
these solutes from a reference solvent (si) to any other solvent (S2) can be assessed 
from the standard transfer Gibbs energies, AtG° (Eqn.l). Enthalpies of solution are
A,G°=AsG(°S2)-AsG(°sl) (1)
determined by classical calorimetry. Standard enthalpy of solution, ASH°, is the 
resultant of two basic processes. In the first place, the crystal lattice breaks with an 
endothermic effect that is followed by an exothermic solvation process. Should ASH° 
values be negative, the solvation process overrides the breakage of crystal lattice. The 
opposite is true for positive ASH° values. Since for the same compound the 
contribution of the crystal lattice is the same in various solvents, the observed 
differences in the ASH° values are attributed to solute-solvent interactions. Therefore, 
the thermodynamic transfer parameters are a useful tool for assessing of medium 
effect on the complexation process.
1.10. Solution thermodynamics
While a variety of methods could be suggested for assessing host-guest interactions, 
experimental thermodynamics stood out against the background of other techniques. 
This could be partly attributed to its accuracy and versatility, although the major 
advantage is in obtaining quantitative knowledge of the process. Such thermodynamic 
data provides valuable information on selectivity and, to some extent, the 
complementarity between a receptor and guest. Other factors that contribute directly
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to host-guest interactions can also be accurately evaluated118. Since calixarenes 
provide both hydrophilic and hydrophobic cavities, their interactions with diverse 
solvents were almost certain. However, these types of interactions were less important 
with respect to other ionic or neutral guest uptake. Therefore, the ability to distinguish 
between the former and the latter was absolutely crucial. Moreover, the speciations of 
the guest molecules in solution have to be established beforehand and treated as a 
basis for accurate simulation of the binding processes.
The medium effect on the host-guest interactions can be better illustrated by the 
thermodynamic cycle119 (P — G, H or S) given in Scheme 8. In this cycle AcP°si
Solvent 1 H + G --3% „ HG
AtY°(G) AtP°(HG)
Solvent 2 H + G AcP°sl - HG
Scheme 8 .
Thermodynamic cycle used to assess the medium effect on 
the binding process.
stands for thermodynamic parameters of complexation of a guest (G) with the host 
(H) in the reference solvent (si). Consequently, AcP°s2 denotes the corresponding 
parameters in the second solvent of interest. AtP° is the notation used to denote 
transfer thermodynamic parameters. Since the relation between complexing and 
transfer parameters is given in Eqn.2, the fifth unknown thermodynamic parameter
AcPs°t - A = A,P0(G)(S1^ 2) + A- (2)
can be deduced via the cycle. This gives some flexibility in planning and conducting 
the experimental work although requires meticulous attention to detail. Inaccurate 
measurement of one parameter will be followed by consequent inaccuracy in 
calculating the others. However challenging it might be, this cycle clearly reveals the 
influence of the medium on the complexation process.
1.11. Aims of the project
Despite the significant contribution into the eradication of infectious diseases and the 
production of food, extensive manufacture and application of pesticides have resulted 
in serious health implications for man and his environment. There is now irrefutable
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evidence that some of these chemicals do pose a potential risk to humans and other 
life forms as well as unwanted side effects in the environment124'126. To some extent 
one can attribute this to the intense application of modem pesticides, although the 
major threat is probably caused by obsolete pesticides and their metabolites. While 
organophosphorous, triazine and urea derivatives, and some other classes of organic 
compounds possess less toxicity, chlorinated pesticides along with arsenic and 
mercury containing compounds are capable of being accumulated in the environment 
and human body5. The widespread use of chlorinated phenoxyacids as selective 
herbicides has led to an increase in pollution of food, soil and water. Due to the high 
toxicity for mammals and aquatic organisms and the long-term persistence in the 
environment, legislation imposes severe limits on the amount of these pesticides that 
can be left as residues. Therefore the main aim of the project is to provide the basis 
for the development of a cost-effective and environmentally friendly technology for 
the removal of obsolete pesticides from water and soil. To achieve these objectives 
the following steps were proposed:
i) Investigation of the physicochemical properties, including the solution 
thermodynamic parameters, of the most hazardous obsolete pesticides in various 
media. Specific solute-solvent interactions will be assessed from the transfer 
thermodynamic parameters of receptors and guests participating in the solvation in 
various solvents;
ii) Synthesis and characterisation of inexpensive receptors for the removal of 
chlorophenoxy acids form industrial wastewater, storm overflows and soil. Their 
simple monomeric functional analogues will also be synthesised to estimate the role 
of the macrocyclic effect on the complexation process;
iii) A study of the uptake parameters and the selectivity of these receptors toward 
different pesticides in both organic and aqueous media. Thus, ]H N M R  experiments 
will be carried out to establish the active sites of interaction between the receptors and 
pesticides, whereas the composition and the strength of host-guest complexes are 
determined from UV/Vis and conductometric measurements;
iv) Thermodynamic characterisation of the complexation process in various solvents 
using titration calorimetry. These studies serve the purpose of a supplementary 
technique to confirm the stoichiometry and the stability constant data obtained by 
other techniques. In addition, the standard enthalpies of complexation in combination
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with the stability constants for a given process allow refining another thermodynamic 
parameters of complexation;
v) Rationalisation of the cost of the final product by polymerisation or anchoring the 
receptor to naturally occurring materials. As such, the assessment of several 
prospective synthetic techniques, which were not originally developed for calixarene 
derivatives, is required. Polymerisation of calix[4]arene derivatives containing two 
terminal benzene rings at its moieties as well as solid-phase synthesis involving pre- 
functionalised formylpolystyrene constitute the basis for this research;
vi) Assessment of the extracting ability of the obtained polymeric materials as well as 
receptors in their free state through solid-liquid and liquid-liquid extraction techniques 
respectively. Further optimisation of both techniques based on quantitative and 
qualitative analyses of the purification process.
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2. Experimental part
2.1. Chemicals
2.3.6-Trichlorophenylacetic acid (98%), azinphos-ethyl (98%) and 2(2,4,5- 
trichlorophenoxy) propionic acid (97%) were purchased from Lancaster Syntheses 
Co. 2,4,5-Trichlorophenoxyacetic acid (97%), pentachlorophenol (98%), 
pentachloronitrobenzene (97%), y- and a-hexachlorocyclohexane (98%), 2-chloro-
4.6-diamino-l,3,5-triazine (97%), dieldrin (99%), methyl-l-(butylcarbamoyl)-2- 
benzimidazolecarbamate (98%), a-endosulfan (98%), o,o-dimethyl-o-(4-nitrophenyl)- 
phosphorothioatemethylparathione (99%) were purchased from Aldrich Chemical Co. 
These were kept in a desiccator over anhydrous CaCl2 before use.
Anhydrous potassium carbonate, /?-/erfrbutylcalix[4]arene, 18-crown-6 (99%), 3- 
aminobenzoic acid (97%), sodium hydride (95%), sodium hydroxide (98%), 
hydrochloric acid (37%), sodium bicarbonate (95%), sodium hydride (99%), 1- 
iodopropane (99%), 3-chloro-1-propanol (98%), 2-bromoethylamine hydrobromide 
(99%), 1,3-phenylenediisocyanate (95%), 2-phenoxyethylamine (98%), 2-bromoethyl 
isocyanate (97%), 2-bromoethyl ether (90%), terephthalaldehyde (99%), 
isophthalaldehyde (99%), o-phthalaldehyde (97%), bromoacetonitrile (97%), 3- 
bromopropionitrile (99%), 5-chlorovaleryl chloride (96%), phenyl isothiocyanate 
(98%), 1,4-diisocyanatobutane (97%), were also purchased from Aldrich Chemical 
Co. 3-Chloropropionil chloride (95%), phenyl isocyanate (99%), isophthaloyl 
dichloride (98%), phenelenethylamine (99%) were supplied by Acros Organics. 
Lithium aluminium hydride (97%) and diethylene glycol ditosylate (98%) were 
purchased from Fluka AG. All these chemicals were used without further purification. 
Potassium chloride (99%) (Fisher) was recrystallised from deionised water, dried in 
an oven for three days at 80°C and then used for conductometric measurements.
2.2. Solvents
All the solvents (MeOH, (CH3)20, C6H 14, PhCH3, CHC13, CH2C12, CH3COOC2H5, 
and CgHnOH) used for solubility, partition and distribution experiments and 
syntheses were purchased from Aldrich Chemical Co. and were used without further 
purification.
CH3COOC2H5 (Aldrich; HPLC-grade), C6H i4 (Aldrich; HPLC-grade), MeOH 
(Aldrich; HPLC-grade), EtOH (HAYMAN Ltd.; HPLC-grade) were used for
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conductance measurements, chromatography and other procedures without further 
purification.
MeCN (Aldrich; HPLC-grade) was purified by refluxing with calcium hydride under 
a nitrogen flow and distilled over calcium chloride. The middle fraction was used for 
further experiments127.
DMF (Fisher; HPLC-grade) was dried overnight over anhydrous magnesium sulfate 
followed by distillation under reduced pressure. The middle fraction of the solvent 
was collected over 4A molecular sieves (previously dried at 115°C for three days)128. 
THF (Aldrich; HPLC-grade) was refluxed for 4 hours over a sodium wire under 
nitrogen using benzophenone as an indicator. The solvent was collected once the 
colour of the indicator turned deep blue (approximately 4 hours)128.
CHCI3 (Aldrich; HPLC-grade) was shaken five times with about half of its volume of 
water, then dried over anhydrous calcium chloride for 24 hours and distilled. The 
middle fraction of the solvent was collected for further use127.
Karl Fischer titration was used for quantifying water content in the variety of solvents. 
The titrator performance was monitored by the use of specially formulated traceable 
water standards, provided in sealed single use ampoules (Fisher). Average water 
content after purification was no more than 0.05% (500 ppm).
For N M R  experiments CDCI3, CD3CN, CD3OD, (CD3)20, DMF-d7, DMSO-d6, D20 
and TMS were purchased from Aldrich and used without further purification.
2.3. Syntheses and characterisation of calix[4]arene derivatives
All reactions were carried out under a nitrogen atmosphere unless otherwise stated. 
Solvents were freshly distilled and stored over molecular sieves for at least 3 hours 
prior to use. Chemicals were reagent grade quality as obtained from commercial 
suppliers and were used without further purification. N M R  spectra were recorded in 
the solvents indicated. Mass spectra were determined in the mode given. Melting 
points are uncorrected. As observed by other authors129,130, the results of elemental 
analyses of calixarenes should be corrected for encapsulation of the solvent 
molecules.
N,3-CarboxypheuyI-2-chloroethylamide (Cl)
3-Aminobenzoic acid (2.74 g, 0.02 mol) was dissolved in an aqueous solution of 
sodium hydroxide (2.00 mol/dm3, 12 ml) and cooled to 0°C. Aqueous solutions of
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3-chloropropionilchloride (0.02 mol, 3.38 ml) and sodium hydroxide (2.00 mol/dm3, 
12 ml) were then added simultaneously dropwise during 30 min. The mixture was 
stirred for 15 min. at room temperature and followed by addition of hydrochloric acid 
(37%, 3 ml). The mixture was left in an ice-bath for 2 hours. Then the precipitate was 
filtered and washed with ice-cold water. Recrystallisation from methanol gave the 
product as beige amorphous crystals (3.88 g) that were dried at 80°C over calcium 
chloride under vacuum, mp = 142-144°C. Elemental anal, calculated: C, 53.12%; H,
100%, A ppendix  4, F ig. 9.
•  'HNMR, Appendix 1, Fig. 7, (300 MHz, 298K) (CD3) 30  5H= 8.361 (s, ArH), 7.736, 7.931 (d, ArHj,
ppm (ClCH2CH2CONH).
5,ll,17,23-Tetra-fc/t-butyl-25,26,27,28-(2-carboxypheiiilamid)etoxycalix[4]arene
A mixture of p-terfrbutylcalix[4]arene (0.66 g, 1.00 mmol) and sodium hydride, (0.30 
g, 12.00 mmol) in anhydrous THF (100 ml) was stirred for 30 min. at room 
temperature. After adding Cl (2.80 g, 12.00 mmol), the reaction mixture was refluxed 
for 10 hours under nitrogen atmosphere. The solvent was then removed under vacuum 
and the residue was washed with DCM and MeOH to give the product (0.08 g, 5%) as 
a white powder. No further attempts were undertaken to purify the crude product.
!H  NMR o f  the crude product, Appendix 1, Fig. 9, (300 MHz, 298K) (Acetone-d6) SR = 8.287 (s, 
ArH), 7.712, 8.029 (d, ArH), 7.205 (t, ArH), 5.628 (s, NH), 10.185 (s, COOH), 2.952, 3.885 
(ClCH2CH2CONH), 3.133 (d, ArCHex0Hendc), 4.459 (d, ArCHaxoHendo), 6.950 (s, ArH)x 1.130ppm (s, - 
C(CH3) 3).
4.40%; N, 6.20%; found: C, 53.67%; H, 4.36%; N, 6.14%. MS m/z 228.1 (M + H)+
7.460 (t, ArH), 9.470 (s, NH), 11.280 (s, COOH), 2.912, 3.917ppm (ClCH2CH2CONH); Appendix 1, 
Fig. 8, CD3OD Sh = 8.224 (s, ArH), 7.852, 7.770 (d, ArH), 7.417 (t, ArH), 4.894 (s, NH), 3.872, 2.858
(C2)
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25,26,27,28-Tetrahydroxycalix[4]arene (C3)
Aluminium chloride (7.2 g, 53.8 mmol) was added to a stirred solution of p-tert- 
butylcalix[4]arene (5.0 g, 7.7 mmol) and phenol (3.9 g, 41.4 mmol) in anhydrous 
toluene (250 ml) under nitrogen flow at 40°C. The reaction mixture was then heated 
up to 60°C and stirred for 6 hours. After cooling down, hydrochloric acid (0.2 
mol/dm3, 170 ml) was added under vigorous stirring. The organic layer was separated, 
dried over magnesium sulphate and the solvent was removed under vacuum. The 
residue was washed with MeOH to give de-ter/-butylcalix[4]arene (2.9 g, 88%) as a 
yellowish solid.
•  ‘H  NMR, Appendix 1, Fig. 10, (300 MHz, 298K, CDCl3 /  TMS) SH = 10.194 (s, 4H, OH), 7.067 (d, 
8H, J=8.1 Hz, ArH), 6.729 (t, 4H, J=7.2 Hz, ArH), 4.269 and3.554 (br. s, 8H, ArCH2Ar)ppm.
•  I3C NMR, Appendix 2, F ig 1, (300 MHz, 298K, CDCl3 /  TMS) SH = 146.709, 144.414, 127.720, 
125.974 (Ar), 31.447 (ArCH2Ar) ppm.
25,26,27,28-Bis(crown-3)-calix[4]arene (C4)
Sodium hydride (0.47 g, 19.00 mmol) was added to a solution of C6 (1.00 g, 2.40 
mmol) in DMF (250 ml). The mixture was heated up to 80°C and then diethylene 
glycol ditosylate (2.45 g, 5.90 mmol) dissolved in of DMF (3 ml) was added. The 
reaction was cooled down and stirred for 4 hours at room temperature. The solvent 
was removed under vacuum and the residue was taken up with hydrochloric acid 
(10%, caution!) and extracted with CH3COOC2H 5. The organic phase was dried over 
magnesium sulphate and evaporated to dryness. The residue was purified by column 
chromatography (C6H 14/CH3COOC2H 5, 3:2, silica) to give the product (0.14 g, 10%) 
as a white solid, mp 265 - 268°C, MS m/z 565 (M+H)+ 100%, Appendix 4, Fig. l .
•  lH  NMR, Appendix 1, F ig 11, (300 MHz, 298K, CDCl3 /  TMS) SH =  7.026 -  6,980 (m, 8H, ArH), 
6.735 (t, 4H, J=7.8 Hz, ArH), 5.053 and 4.516 (2d, 4H, J=12 Hz, ArCH2Ar), 4.335 -  4.244 (m, 8H,
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ArOCH2CH20), 3.922 -  3.8\41 (m, 8H, Ar0CH2CH20), 3.284 and 3.194 (2d, 4H, J=12 Hz, ArCH2Ar) 
ppm.
•  J3C NMR, Appendix 2, Fig. 2, (300 MHz, 298K, CDCl3 /  TMS) SH = 155.170 (Ar), 135.658 (Ar), 
135.468 (Ar), 128.964 (Ar), 128.094 (Ar), 123.714 (Ar), 76.333 (Ar0CH2CH20), 74.769 
(Ar0CH2CH20), 30.729 (ArCH2Ar), 29.774 (ArCH2Ar)ppm.
A solution of p-terfrbutylcalix[4]arene (1.50 g, 2.35 mmol) in DMF (250 ml) was 
purged from oxygen with three vacuum-nitrogen cycles. Suspension of sodium 
hydride (0.50 g, 20 mmol) and diethylene glycol ditosylate (2.40 g, 5.90 mmol) in 20 
ml of DMF was then added. The reaction was stirred for 4 hours at 50°C, evaporated 
to dryness and the residue was taken up with hydrochloric acid (10%, caution!) and 
extracted with C H 3 C O O C 2 H 5 . The organic layer was separated, washed twice with 
water and dried over magnesium sulphate. The solvent was removed under vacuum 
and the residue was purified by column chromatography (C6H 14/CH3COOC2H 5, 3:2, 
silica) to give the product (0.50 g, 30%) as a white solid, MS m/z 788 (M+FI)+ 100%, 
Appendix 4, Fig. 5.
•  ‘HNMR, Appendix 1, F ig 15, (300 MHz, 298K, CDCl3 /  TMS) SH = 7.020 (s, 4H, ArH), 6.962 (s, 
4H, ArH), 4.516 and 3.354 (2d, 4H, J=13.2 Hz, ArCH2Ar), 4.317 -  4.000 (m, 8H, , Ar0CH2CH20), 
3.845 -  3.704 (m, 8H, Ar0CH2CH20), 3.982 and 3.310 (2d, 4H, J=13.2 Hz, ArCH2Ar), 1.196 (t-butyl- 
Ar) ppm.
AkiV’-Diphenyliirea (C6)
Phenyl isocyanate (1.00 mmol, 1.10 ml) was added to a stirred solution of aniline 
(1.00 mmol, 0.91 ml) in dry DCM (100 ml). The reaction mixture was stirred for 2
41
Chapter 2 Experimental
hours under nitrogen at room temperature. The solvent was then removed under 
vacuum and the crude product was dissolved in MeOH, filtered and recrystallised 
from hot MeOH to give the product (2.00 g, 95%) as white needle-like crystals.
•  lHNMR, Appendix 1, Fig. 17, (300 MHz, 298K, (CD3) 20 /T M S ) SH= 8.070 (br. s, 2H, NH), 7.542 
(d, 4H, J=7.2 Hz, ArH), 7.268 (t, 4H, J=7.5 Hz, ArH), 6.978 (t, 4H, J=6.6 Hz, ArH) ppm.
25,27-Dixydroxy-26,28-di-/i-propoxycalix[4]arene (C7)
K,CO,+
H 4 '  c h 3c n
1-Iodopropane (2.40 g, 14.00 mmol) and potassium carbonate (1.95 g, 14.10 mmol) 
were added to a suspension of C6 (1,50 g, 3,50 mmol) in MeCN (200 ml). The 
reaction mixture was refluxed for 24 hours under vigorous stirring. The solvent was 
evaporated under reduced pressure and the residue was taken up with DCM (100 ml). 
Evaporation of the solvent afforded a yellowish solid which was recrystallised from 
DCM/MeOH mixture to give 25,27-dixydroxy-26,28-di-n-propoxycalix[4]arene (1.00 
g. 55%).
* lH  NMR, Appendix 1, Fig. 18, (300 MHz, 298K, CDCl3 /  TMS) SH = 8.302 (s, 2H, OH), 7.069 (d, 
4H, J=7.5, ArH), 6.938 (d, 4H, J=7.5 Hz, ArH), 6.748 (t, 2H, J=7.2 Hz, ArH), 6.641 (t, 2H, J=7.2 Hz, 
ArH), 4.345 and 3.401 (2d, 4H, J=13.2 Hz, ArCH2Ar), 3.981 (t, 4H, J=6 Hz, ArOCH2CH2CH3), 2.086 
(q, 4H, J=6.9 Hz, ArOCH2CH2CH3), 1.319 (t, 6H, J=6.9 Hz, ArOCH2CH2CH3)ppm .
26,28-Dw*-propoxycalix[4] arene-25,27-crown-3 (C8)
K,CO,
+ Br O Br\ /\ / DMF
Calixarene CIO (0,50 g, 0,97 mmol) and anhydrous sodium carbonate (3,30 g, 23.60 
mmol) were suspended into DMF (200 ml) at room temperature. 2-Bromoethyl ether 
(0.40g, 1.80mmol) was added to the reaction mixture and the latter was heated up to 
80°C and refluxed for 24 hours. The solvent was evaporated and the residue was
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dissolved in CH3COOC2H5 and washed twice with water. The organic phase was 
separated and dried over magnesium sulphate. After evaporating the solvent, a 
yellowish residue was checked by *11 NMR. Signals from the starting materials were 
mostly observed.
* lHNMR, Appendix 1, Fig. 19; Mass spec., Appendix 4, Fig. 8.
Ar,/Y-Bis(2-bromoethyl)urea (C9)
Br
f 0 (A  J  aq. NaOH >
j  r  hn\ /■Br J  NHBr M
Br
2-Bromoethyl isocyanate (0.50 ml, 5.50 mmol) was dissolved in an aqueous solution 
of sodium hydroxide (2.00 mol/dm3, 100 ml) at 0°C. Consequently, 2-bromoethyl 
amine (0.90 g, 5.50 mmol) was dissolved in an aqueous solution of sodium hydroxide 
(2.00 mol/dm3, 50 ml) and added dropwise to the reaction mixture. After 3 hours the 
reaction was heated up to room temperature and left overnight. The solvent was then 
evaporated under reduced pressure to give the product (1.30 g, 88%) as a white solid.
• 'HNMR, Appendix 1, Fig 20, (300 MHz, 298K, D20) S„ = 4.872 (t, 4H, J=7.2 Hz, BrCH2CH2NH), 
4.108 -  3.987 (m, 4H, BrCH2CH2NH), 3.867 (t, 4H, J=5.7 Hz, BrCH2CH2NH) ppm.
AyVf-Bis{l-[(2-bromoethyl)amino]viiiyl}benzene-l,3-diaminc (CIO)
1,3-Diaminobenzene (1.10 g, 10.00 mmol) was dissolved in diy CHCI3 (100 ml) and 
the solution was cooled down to 0°C under vigorous stirring. 2-Bromoethyl 
isocyanate (1.80 ml, 20.00 mmol) was dissolved in diy CHCI3 (50 ml) and then added
dropwise to the reaction mixture within 15 min. After 3 hours the reaction was heated 
up to room temperature and left overnight to give a white precipitate that was filtered 
and dried.
•  *HNMR, Appendix 1, Fig. 22, 13C NMR, Appendix 2, Fig. 4; Mass spec., Appendix 4, Fig. 7.
43
Chapter 2 Experimental
5,ll,17,23-Tetra-te/'/-butyl-25,27-dixydroxy-26,28-dicyanomethoxycalix[4]arene
(C ll)
K,COi
MeCN
Potassium carbonate (3.19 g, 23.10 mmol) and 18-crown-6 (0.50 g, 1.10 mmol) were 
added to a solution of p-ter/-butylcalix[4]arene (5.00 g, 7.70 mmol) in dry MeCN 
(250 ml). Bromoacetonitrile (2.68 ml, 38.50 mmol) was dissolved in dry MeCN (30 
ml) and added dropwise to the reaction mixture. The reaction was left refluxing for 24 
horns and the solvent was evaporated under vacuum. The residue was washed with 
MeOH to give a yellowish solid as the final product (5.28 g, 93%).
• lHNMR, Appendix 1, Fig. 23, (300 MHz, 298K, CDCl3 /  TMS) SH =  7.12 (s, 4H, ArH), 6.73 (s, 4H, 
ArH), 5.55 (s, 2H, OH), 4.80 (s, 4H, -OCH 2CN), 4.25 (d, 4H, 2J=13.2, A rC H A rJ, 3.47 (d, 2J=13.2  
Hz, 4H, ArCHArcJ , 1.33 (s, 18H, tert-butyl-CH J , 0.88 (s, 18H, tert-butyl-CH ) ppm.
5,ll,17,23-Tetra-tert-butyl-25,27-dixydroxy-26,28-diaminoethoxycalix[4]arene
(C12)
LiAlH4
THF
A solution of C14 (2.00 g, 2.75 mmol) in dry THF (70 ml) was added dropwise to a 
vigorously stirred suspension of lithium aluminium hydride (0.38 g, 9.17 mmol) in 
dry THF (30 ml) at 0°C. The reaction mixture was stirred for 6 horns and then 
aqueous solution of sodium hydroxide (20%, 1 ml) was added followed by addition of 
water (3 ml). A  white precipitate of aluminium hydroxide was filtered and the filtrate 
was evaporated under reduced pressure to give the essentially pure product (1.98 g, 
98%) as a yellowish foam.
♦ ‘HNMR, Appendix 1, Fig. 24, (300 MHz, 298K, CDCl3 /  TMS) SH =  8.37 (s, 4H, OCH2CH2NH2),
7.05 (s, 4H, ArH), 6.99 (s, 4H, ArH), 4.35 (d, 2J=12.3 Hz, 4H, A rC H A rJ, 4.07 (t, 3J=  6  Hz, 4H, - 
OCH2CH2NH2), 3.39 (d, 2J=12.3 Hz, 4H, ArCHArcq), 3.32 (t, 3J=  6  Hz, 4H, -OCH 2CH2NH2), 1.26 (s, 
18H, tert-butyl-CH3), 1.10 (s, 18H, tert-butyl-CH9  ppm.
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5,ll,17,23-Tetra-ter/-butyI~25,27-[l,3-benzyl-bridged-bis(ureido)]-ethyloxy-
26,28-dixydroxycalix[4]arene (C 13)
CL JO
V /
• X T
A dispersion of 1,3-phenylene diisocyanate (0.11 g, 0.68 mmol) in diy DCM (30 ml) 
was added dropwise to a vigorously stirred solution of C l5 (0.50 g, 0.68 mmol) and 
triethylamine (0.19 ml, 1.36 mol) in dry DCM (30 ml) at room temperature. The 
reaction mixture was stirred for 4 hours and then the solvent was removed under 
vacuum. A yellowish solid was taken up with DCM, washed with water and dried 
over magnesium sulphate. Evaporation of the solvent yielded a white solid that was 
checked by *H NMR.
* lH  NMR, Appendix 1, Fig. 25; I3C NMR, Appendix 2, Fig. 5; Mass spec., Appendix 4, Fig. 10.
5,ll,17,23-Tetra-te/7‘-butyl-25,27-di-rt-propoxy-26,28-dicyanomethoxybutyI 
calix[4]arene (C14)
NaH
THF/DMF
Propionyl iodide (0.80 ml, 8.25 mmol) was added to a suspension of the calixarene 
C14 (1.00 g, 1.38 mmol) and sodium hydride (0.33 g, 13.80 mmol) in DMF/THF 
(1:10) mixture (275 ml). The reaction was refluxed for 2 hours under nitrogen flow. 
The solvent was removed under vacuum and the residue was taken up with CHCI3 and 
washed with a solution of hydrochloric acid (1.00 mol/dm3, 50 ml) and water (50 ml). 
After evaporation of the solvent, a brown oil was obtained. The oil was triturated with 
MeOH to give the product (0.90 g, 80%) as a white solid.
• ‘H  NMR, Appendix 1, Fig. 26, (300 MHz, 298K, CDCl3 /  TMS) SH = 7 .1 6 9  (s, 4H, ArH), 6.423 (s, 
4H, ArH), 5.023 (s, 4H, OCH2CN), 4.421 (d, 4H, 2 13.5 Hz, ArCH2A r J , 3.750 (t, 4H, 3J=  7.2 Hz, - 
OCH2CH2CH3), 3.268 (d, 4H, 2 13.5 Hz, ArCH2Areq), 2.046 (q, 4H, 4J=  7.5 Hz, -OCH2CH2CH3),
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1.354 (s, 18H, tert-butyl-CHJ, 1.053 (t, 6 H, 3J=  7.5 Hz, -OCH2CH2CH3), 0.804 (s, 18H, tert-butyl- 
CH3)  ppm.
5,ll,17,23-Tetra-te/Y-butyl-25,27-di-/i-propoxy-26,28-diaminoethoxy 
calix[4]arene (C15)
A solution of C14 (0.37 g, 0.46 mmol) in dry THF (30 ml) was added dropwise to a 
vigorously stirred suspension of lithium aluminium hydride (0.06 g, 1.50 mmol) in 
dry THF (20 ml) at 0°C, After 6 hours, an aqueous solution of sodium hydroxide 
(20%, 1ml) was added to the reaction mixture followed by addition of water (1 ml). A  
jelly-like precipitate of aluminium hydroxide was filtered and the solvent was 
evaporated under reduced pressure to give the product (0.16 g, 43%) as a yellowish 
foam. The compound was immediately used for further reaction without purification.
•  *H NMR, Appendix 1, Fig. 27.
5,ll,17,23-Tetra-to,/-butyl-25,27-[l,3-benz}'l-bridged-bis(ureido)]-etliyloxy-
26,28-di-/i-propoxycalix[4]arene (C 16)
1,3-Phenylene diisocyanate (0.03 g, 0.20 mmol) suspended in dry DCM (20 ml) was
C l8 (0.16 g, 0.20 mmol) in dry DCM (50 ml). The mixture was stirred for 4 hour’s 
and the solvent was removed under vacuum. The residue was taken up with DCM and 
washed with distilled water. The organic layer was then separated, dried over 
magnesium sulphate and the solvent was removed under vacuum. The yellowish 
residue was dried overnight under vacuum at 80°C and checked by *H NMR.
•  lH  NMR, Appendix 1, Fig. 28.
2
added dropwise at room temperature to a vigorously stirred solution of the calixarene
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aNss^ jO /tj. .NH ,NHaq. NaOH y-NH,
Phenyl isocyanate (0.53 ml, 4.88 mmol) was added dropwise to a vigorously stirred 
solution of 2-bromoethylamine hydrobromide (1.00 g, 4.88 mmol) in an aqueous 
solution of sodium hydroxide (0.20 mol/dm3, 50ml) at 0°C. After addition of phenyl 
isocyanate, an ice bath was removed and the reaction was stirred at room temperature 
for 2 homs. The precipitate was filtered, washed with water and dried overnight under 
vacuum to give the essentially pure product (1.03 g, 88%) as a white solid, mp = 246- 
248°C. Elemental anal, calculated: C, 44.7%; H, 4.56%; N, 11.52%; found: C, 46.1%; 
H, 4.2%; N, 10.3%. MS CI m/z 242 (M+H)+ 60%, Appendix 4, Fig. 9.
• 'HNM R, Appendix 1, Fig. 29, (300 MHz, 298K, (C D frO  /  TMS) SH =  8.283 (d, 1H, 2J=32.4 Hz, 
ArNHCONH), 7.525 (m, 2H, ArH), 7.237 (m, 2H, ArH), 6.946 (m, 1H, ArH), 6.202 (br. s, 1H, 
ArNHCONH), 3.569 (m, 2H, CONHCH2CH2Br), 2.051 (m, 2H, CONHCH2CH 2Br) ppm.
5,11,17,23-Tetra-te/'/-butyl-25,27-|A-(lZf)-phenyImethylene-Ar-ethoxyammo]-
26,28-dixy droxycalix[4]arene 1,4-dimer (C18)
Terephthalic aldehyde (0.09 g, 0.69 mmol) and triethylamine (2 ml) were added to a 
solution of C l5 (0.51 g, 0.69 mmol) in EtOH (150 ml). The mixture was refluxed for 
12 hours, the precipitate was filtered out and recrystallised from EtOH to give the 
essentially pure product (0.17 g, 30%) as a white solid, mp = 278-280°C. MS m/z 
1667 (M + H)+ 100%, Appendix 4, Fig. 11.
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* lHNMR, Appendix 1, Fig. 30, (300 MHz, 298K, CDCl3 /TM S) 5H =  8.35 (s, 4H, CH=N), 7.78 (s, 
8 H, ArH), 7.18 (s, 4H, ArOH), 7.05 (s, 8H, ArH), 6.75 (s, 8 H, ArH), 4.35 (d, 8 H, 2J=12.9 Hz, 
ArCH2Arax), 4.20 (t, 8 H, 3J=  4.6 Hz, OCH ff 4.00 (t, 8 H, 3J= 4.6 Hz, CH2N), 3.30 (d, 8 H, 2 12.9 Hz, 
ArCH2Areq), 1.30 (s, 36H, tert-buiyl-CHJ, 0.92 (s, 36H, tert-butyl-CH3)ppm .
• 13C NMR, Appendix 2, Fig. 8 , (300 MHz, 298K, CDCl3 i  TMS) SH = 163.04 (CH=N), 150.67, 
149.80, 146.72, 141.18, 138.10, 132.53, 128.59, 127.82, 125.42, 124.98, (ArC), 75.25 (OCHJ, 60.54 
(CH2N), 33.89, 33.81 (tert-butyl-C(CH3) 3, 31.02 (ArCH2Ar) ppm.
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5,ll,17,23-Tetra-te/7-butyl-25,27-[A-(lZs)-pheiiyImethyleiie-A/-etlioxyamiiio]-
26,28-dixydroxycalix[4] arene 1,3-dimer (C19)
Isophthalic aldehyde (0.09 g, 0.69 mmol) and triethylamine (2 ml) were added to a 
solution of C15 (0,51 g, 0.69 mmol) in EtOH (150 ml). The mixture was refluxed for 
12 horns, the precipitate was filtered out and recrystallised from EtOH to give the 
essentially pure product (0.17 g, 30%) as a white solid. MS m/z 1667 (M+H)+ 100%, 
Appendix 4, Fig. 12.
• 'HNMR, Appendix 1, Fig. 31, (300 MHz, 298K, CDCl3 /TM S) SH =8 .415  (s, 4H, CH=N), 8.023 (s, 
2H, ArH), 7.864 (d, 4H, 2J=7.5 Hz, ArH), 7.324 (t, 2H, 3J=  7.2 Hz, ArH), 7.146 (s, 4H, ArOH), 7.008 
(s, 8 H, ArH), 6.749 (s, 8 H, ArH), 4.282 (d, 8 H, 2J=12.9 Hz, ArCH 2A r J , 4.203 (t, 8H, 3J=  6.0 Hz, 
OCHfi, 4.011 (t, 8 H, 6.3 Hz, CH2N), 3.277 (d, 8H, 2J=12.9 Hz, ArCH2Areq), 1.282 (s, 36H, tert-
bulyl-CHJ, 0.925 (s, 36H, tert-butyl-CHJ ppm.
• !3C  NMR, Appendix 2, Fig. 9, (300 MHz, 298K, CDCl3 /  TMS) SH = 163.137 (CH=N), 150.716, 
149.798, 146.821, 141.141, 136.565, 132.576, 129.891, 129.218, 128.914, 127.739, 125.437, 124.929 
(ArC), 75.178 (OCH2), 60.758 (CH2N), 33.928 (ArCH2Ar), 31.763, 31.043 (tert-butyl-C(CH3) 3)ppm .
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5,11,17,23-Tetra-te/*/-butyl-25,27-{l,2-benzyl-bridged- [iV-(l£)-ethylidene-iV- 
ethoxyamino]}-26,28-dixydroxycaIix[4]arene (C20)
o-Phthalic aldehyde (0.06 g, 0.41 mmol) and triethylamine (0.50 ml) were added to a 
solution of C15 (0.3 g, 0.4 mmol) in EtOH (50 ml). The mixture was refluxed for 24 
hours, the solvent was evaporated under vacuum and the residue was purified by 
column chromatography (C6H14/CH3COOC2H5, 4:1, silica) to give partially 
substituted products, which are discussed in the Results and Discussion section.
• ‘H  NMR, Appendix 1, Fig. 3 2 ,3 3 ; 13C NMR, Appendix 2, Fig. 6 , 7; 2D  NMR, Appendix 3, Fig. 1 ,2 , 
3; Mass spec., Appendix 4, Fig. 13,14.
5,11,17,23-Tetra-/£/Y-butyl-25,27~{beiizene-l,3-diyelbis[2-(carbonyl~ammo) 
ethoxy]}-26,28-dixydroxycalix[4]arene (C21)
A solution of C15 (0.30 g, 0.40 mmol) and triethylamine (1 ml) in dry DCM (100 ml) 
was added dropwise to a solution of isophaloyl dichloride (0.10 g, 0.50 mmol) in 
DCM (100 ml). The resulting mixture was stirred for 16 hours at room temperature 
and then it was washed with diluted hydrochloric acid, dried over magnesium 
sulphate and the solvent was removed under vacuum. The residue was purified by 
column chromatography (MeOH/CHCfy, 97:3, silica) and yielded the product (70 mg, 
20%) as a white solid. MS m/z 865 (M+H)+ 100%, Appendix 4, Fig. 15.
• *H NMR, Appendix 1, Fig. 34, (300 MHz, 298K, CDCI3 /T M S) SH =  8.228 (s, 1H, ArH), 8.209 (d, 
2H, 2J -4 .8  Hz, ArH), 7.626 (t, 1H, 3J=4.5 Hz, ArH), 7.510 (br. t, 2H, NH), 7.114 (s, 4H, ArH), 6.722 
(s, 4H, ArH), 6.247 (s, 2H, ArOH), 4.280 (t, 4H, 3J=2.7 Hz, CH20), 4.245 (d, 4H, 2J=  8.1 Hz,
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ArCH2A r J , 4.029 (q, 4H, 4J=  3.0 Hz, CH2N), 3.404 (d, 8 H, 2J=  8.1 Hz, ArCH 2Areq), 1.334 (s, 18H, 
tert-butyl-CH3), 0.892 (s, 18H, tert-butyl-CHJ ppm.
•  COSY NMR, Appendix 3, Fig. 4.
5,ll,17,23-Tetra-/6,/T-butyl-25,27-[N-tetramethylene-bridged-bis(iireido)]ethyloxy 
-26,28-dixydroxycalix[4]arene (C 22)
A  solution of 1,4-diisocyanatobutane (0.10 ml, 0.79 mmol) in DCM (50 ml) was 
added dropwise to a solution of C15 (0.50 g, 0.68 mmol) in dry DCM (100 ml) at 0°C. 
The solvent was removed in 30 min. under vacuum and the residue was purified by 
column chromatography ((CH^O/CHCL, 1 :1 , silica) to give the product (0.20 g, 
34%) as a white powder, mp = 214-216°C. MS m/z 875 (M+H)+ 100%, Appendix 4, 
Fig. 16.
• 'H  NMR, Appendix 1, Fig. 35, (300 MHz, 298K, CDCl3 /  TMS) SH =  7.453 (s, 2H, ArOH), 7.068 (s, 
4H, ArH), 6.808 (s, 4H, ArH), 6.151 (t, 2H, 3J=  7.2 Hz, NH), 4.932 (t, 2H, 3J=  7.2 Hz, NH), 4.228 and 
3.382 (pair o fd , 8 H, 2J=13.4 Hz, ArCH2Ar), 4.057 (t, 4H, 3J=  6.0 Hz, OCHJ, 3.811 (q, 4H, 4J=  5.3 
Hz, CH 2N), 3.203 (brs, 4H, CH2N), 1.569 (br s, 4H, CH J, 1,323 and 0.904 (s, 36H, tert-butyl-CH3)  
ppm.
•  COSY NMR, Appendix 3, Fig. 5.
5,11,17,23-Tetra-Av'M)utyl-25,27-bis{[(N’-phenylureido)ethyl]oxy}-26,28- 
dixy droxycalix [4] arene (C 23)
Phenyl isocyanate (0.15 ml, 1.16 mmol) was added to a solution of C15 (0.50 g, 0.68 
mmol) in dry DCM (20 ml) at room temperature. The reaction was stirred overnight 
and then the solvent was removed under vacuum and the residue was triturated with
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MeOH to give the essentially pure product (0.60 g, 91%) as a white powder. The 
analytically pure compound was recrystallised from MeOH, mp = 205-207°C.
• lHNMR, Appendix 1, Fig. 36, (300 MHz, 298K, CDCl3 /TM S) SH =8 .774  (s, 2H, ArOH), 7.262 (d, 
4H, 2J=  4.5 Hz ArH), 7.200 (It, 4H, 3J=  4.5 Hz, ArH), 7.144 (br s, 2H, ArNHCONH), 7.075 (s, 4H, 
ArH), 7.019 (s, 4H, ArH), 6.978 (t, 2H, 3J=  4.5 Hz, ArH), 6.789 (br s, 2H, ArNHCONH), 4.256 and 
3.444 (pair o f  d, 8 H, 2J=8.1 Hz, ArCH2Ar), 4.117 (t, 4H, 3J=  2.4 Hz, OCHA, 3.811 (q, 4H, 4J=  2.4 Hz, 
CH2N), 1.261 and 1.127 (s, 36H, tert-butyl-CH3)  ppm.
• COSY NMR, Appendix 3, Fig. 6 .
5,ll,17,23-Tetra-/(?/7-butyl-25,27-bis{l(N,-plieiiyitliioureido)ethyl]oxy}-26,28- 
dixydroxycalix[4]arene (C24)
Phenyl isothiocyanate (0.14 ml, 1.16 mmol) was added to a solution of C15 (0.50 g, 
0.68 mmol) in dry DCM (20 ml) at room temperature. The reaction was stirred 
overnight, then the solvent was removed and the residue was triturated with MeOH to 
give the essentially pure product (0.63 g, 93%) as a tawny powder. The analytically 
pure compound was recrystallised from MeOH.
• lH  NMR, Appendix 1, Fig. 37, (300 MHz, 298K, CDCl3 / TMS) SM =  7.959 (s, 2H, ArOH), 7.884 (br 
s, 2H, ArNHCONH), 7.777 (br s, 2H, ArNHCONH), 7.214 (d, 4H, 2J=5.1 Hz, ArH), 7.115 (t, 4H, 3J=
4.5 Hz, ArH), 7.042 (t, 2H, 3J =  4.2 Hz, ArH), 6.970 (s, 4H, ArH), 6.936 (s, 4H, ArH), 4.168 (t, 4H, 3J~  
2.4 Hz, OCHA, 4.119 (q, 4H, 4J=  2.4 Hz, CH2N), 3.863 and 3.304 (pair o f  d, 8 H, 2J=7.8 Hz, 
ArCH2Ar), 1.264 and 1.111 (s, 36H, tert-butyl-CH3)  ppm.
•  COSY NMR, Appendix 3, Fig. 7.
5,ll,17,23-Tetra-/t?rt-butyl-25,27-[7V-(lii)-phenylmethyleiie-iV-ethoxyamiiio]-
26,28-dixydroxycalix[4] arene (C25)
Benzaldehyde (0.10 ml, 1.36 mmol) was added to a solution of C15 (0.50 g, 0.68 
mmol) in absolute EtOH (20 ml) at room temperature. The reaction was stirred
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9
EtOH
overnight and then the solvent was removed and the residue was triturated with 
MeCN to give the essentially pure product (0.56 g, 90%) as a white powder. The 
analytically pure compound was recrystallised from MeCN, mp = 95-97°C.
• lH  NMR, Appendix 1, Fig. 38, (300 MHz, 298K, CDCl3 /  TMS) SH =  8.495 (s, 2H, ArCHN), 7.805 
(d, 4H, 2J=4.8 Hz, ArH), 7.395 (d and t overlapped, 6 H, ArH), 7.237 (s, 2H, ArOH), 7.035 (s, 4H, 
ArH), 6.808 (s, 4H, ArH), 4.350 and 3.310 (pair o fd , 8 H, 2J=7.2 Hz, ArCH 2Ar), 4.294 (t, 4H, 3J=  3.6 
Hz, O CH A 4.135 (t, 4H, 3J=  3 .6 Hz, CH2N), 1.300 and 0.977 (s, 36H, tert-bntyl-CH3)  ppm.
•  COSY NMR, Appendix 3, Fig. 8 .
A-(2-Phenoxyethyl)-A?? -phenylurea (C26)
Phenyl isocyanate (0.40 g, 3.60 mmol) was added to a solution of 2- 
phenoxyethanamine (0.50 g, 3.60 mmol) in CHCI3 (20 ml) at room temperature. The 
reaction was stirred for 3 hours and then the precipitate was filtered to give the 
essentially pure product (0.80 g, 92%) as a white solid. The analytically pure 
compound was recrystallised from CHCI3 , MS m/z 257 (M+H)+ 100%, Appendix 4, Fig. 
17.
• 'HNMR, Appendix 1, Fig. 39, (300 MHz, 298K, CDCl3 /TM S) SH =8 .392  (s, 1H, ArCHN), 7.969 (s, 
1H, ArNH), 7.489 (d, 2H, 3J=  6.7 Hz, ArH), 7.291 (t, 2H, V =  4.7 Hz, ArH), 7.229 (t, 2H, 3J=  4.7 Hz, 
ArH), 6.959 (m overlapped, 4H, ArH), 6.052 (s, 1H, ArOCH7CH2NH), 4.087 (t, 2H, 3J=  5.7 Hz, 
ArOCH 2CH2NH), 3.610 (t, 2H, 3J=  5 .7 Hz, ArOCH2CH2NH)ppm.
• COSY NMR, Appendix 3, Fig. 9.
52
Chapter 2 Experimental
/V-(2-Phenoxy ethyl)-A-[(12f)-phenylm ethylene] amine (C27)
Benzaldehyde (0.40 g, 3.60 mmol) was added to a solution of 2-phenoxyethanamine 
(0.50 g, 3.60 mmol) in absolute EtOH (20 ml) at room temperature. The reaction was 
stirred for 3 hours and then the solvent was removed and the residual oil was left for 
crystallysation to give the product (0.73 g, 91%) as a yellowish solid, mp = 45-46°C. 
The analytically pure compound was recrystallised from a EtOH/HiO mixture. MS 
m/z 226 (M+H)+ 100%, Appendix 4, Fig. 18.
• 'H  NMR, Appendix 1, Fig. 40, (300 MHz, 298K, CDCl3 /  TMS) SH =  8.392 (s, 1H, ArCHN), 7.766 
(m, 2H, ArH), 7.426 (m overlapped, 3H, ArH), 7.287 (m, 2H, ArH), 6.950 (m overlapped, 3H, ArH), 
4.306 (t, 2H, 3J=  5.7 Hz, ArOCHJ, 4.019 (t, 2H, 3J=  5.7 Hz, ArCHNCHJ ppm.
• COSY NMR, Appendix 3, Fig. 10.
3-Glycidoxypropyl-bonded stationary phase (C28)
After activating of the silica gel with hydrochloric acid (0.10 mol/dm3), its aliquot 
(5.00 g) was mixed with 3-glycidoxypropyltrimethoxysilane (5 ml) in freshly distilled 
dry PI1CH3 (50 ml). Triethylamine (0.10 ml) was added to the reaction as the catalyst. 
This mixture was stirred and heated at reflux under nitrogen atmosphere for 6 horns. 
The silica gel was then filtered and washed repeatedly with toluene and acetone. After 
drying at 120°C for 24 horns, the spacer-bonded silica gel (SBSG) was obtained (6.70 
g) to be used as a precursor of the following reaction. Elemental anal. C, 10.34%; H, 
1.93%; N, 0.04%.
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5,ll,17,23-Tetra-/<?/7-butyl-25,27-[A/-(l/i)-phenyIinethylene-7V-ethoxyamino]- 
26,28-dixydroxycalix[4]arene-bonded silica (C29)
A  mixture of C28 (0.22 g, 0.24 mmol) and sodium hydride (0.02 g, 0.73 mmol) in 
freshly distilled dry PI1CH3 (20 ml) was stirred and heated at 80°C under a nitrogen 
atmosphere for 1 horn*. SBSG (0.78 g) and tetra-n-butylammonium bromide (0.13 g) 
were added to the suspension which was immediately heated to reflux for 24 hours. 
The material was then filtered, washed in the sequence with PI1CH3, MeCN, deionised 
H2O, DMF and (CH^O and dried at 120°C for 12 hours. The amount of the final 
product obtained was 0.89 g. Elemental anal, found: C, 9.84%; H, 1.90%; N, 0,00%.
5,ll,17,23-Tetra-tert-butyl-25,27-j7V-(l£)-phenylmethylene-iV-ethoxyammo]-
26,28-dixy droxycalix[4]arene-bisphenol-A copolymer (C30)
t-Bu
R =  CH2CH2NCHPh
A  mixture of C28 (0.10 g, 0.11 mmol), bisphenol-A (0.03 g, 0.11 mmol) and sodium 
hydride (0,02 g, 0.88 mmol) in a minimum amount of freshly distilled THF was 
stirred for 1 horn* at room temperature and then concentrated. Freshly distilled dry 
PI1CH3 (20 ml) was poured over the residue and stirred for 1 horn before further 
development. The suspension of sodium salts in toluene was treated with tetra-n- 
butylammonium hydrogen sulfate (0.03 g) and dibromomethane (0.08 ml, 10 equiv.) 
at 80°C under a nitrogen atmosphere for 24 hours. After evaporating the solvent, the
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residue was treated with a small amount of MeOH and filtered to give the co-polymer 
as a white solid (0.17 g). Elemental anal, found: C, 47.26%; El, 5.86%; N, 1.94%.
• 'H  NMR, Appendix 1, Fig. 41.
Formylpolystyrene-supported 5,ll,17,23-tetra-te/7-butyl-25,27-[/Y-(l/i)-phenyl 
methy!ene-iV-ethoxyamino]-26,28-dixydroxycaIix[4]arene (C31)
Commercially available formylpolystyrene (1.00 g, 0.9 mmol/g) was put into a 
THF/EtOH solvent mixture (1:2, 25 ml) for 30 min. After swelling of the resin, C15 
(0.50 g, 3.09 mmol) was added and the mixture was stirred for 24 hours at room 
temperature. The reaction was followed by comparing the UV spectrum of the media 
with that of the initial solution of C l5. The resulting product was then filtered, 
washed with THF and (CH3)20  and dried in a desiccator over calcium chloride for 24 
hour's. The total amount of polymerised macrocycle was assessed from the content of 
nitrogen in the resulting material (1.21 g). Elemental anal. Starting formylpolystyrene: 
C, 89.31%; H, 7.42%; N, 0.05%; The resulting material: C 88.09%, H 7.86%, N 
0.92%.
5,ll,17,23-Tetra-/^/Y-butyl-25,27-[A-(liT)-phenylmethylene-iV-ethoxyamino]-
26,28-dixydroxycalix[4] arene eo-polymer(C32)
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C25 (0.10 g, 0.11 mmol) was dissolved in a minimum amount of THF. An excess of 
solution of formaldehyde in MeOH (1 ml, 2,00 mol/dm3) was added at once. A white 
suspension was formed within 20 min. and the mixture was stirred for 5 hours. The 
reaction mixture was then poured in water (20 ml) to eliminate impurities of the 
reaction and filtered. After drying in a desiccator over calcium chloride for 24 hours, 
the product (0.15 g) was obtained as a white semicrystalline compound. Elemental 
anal, found: C, 65.97%; H, 8.54%; N, 2.64%.
• ’H  NMR, Appendix 1, Fig. 42.
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2.4. Determination and characterisation procedures
In this section, techniques that were employed for the determination and 
characterisation of synthetic samples are discussed. The main characteristics of 
applied spectrophotometric procedures as well as chemical thermodynamics were 
examined and tabulated.
2.4.1. NMR spectroscopy
The NMR technique has been primarily employed for the comparative identification 
and characterization of compounds rather than for analytical purposes131. The Bruker 
300 MHz and the Bruker Ultrashield™ 500 MHz (Fig.18) pulsed Fourier Transform 
NMR spectrometers facilities were used in this work for both routine and special 
experiments. The operating conditions for the Bruker 300 MHz and 500 MHz 
spectrometers were respectively as follows: pulse angle of 30° and 35°, spectral
frequency (SF) of 300.135 and 
500.154 MHz, delay time (D l) of 
1.50 and 0.30 s, acquisition time 
(AQ) of 1.819 and 3.172 s and line 
broadening (LB) of 0.55 and 0.30 
Hz. Variable volumes from 0.4 to 
1.0 ml were used for the majority of 
routine experiments carried out. 
Tetramethylsilane (TMS) was used 
as the internal reference for 
deuterated organic solvents. For 
solvents such as D 2 O or CD3 OD, in 
which TMS was not soluble, 
distinctive peaks of corresponding 
solvents themselves were used as 
the reference. To avoid any 
discrepancies with the technique 
limitations, concentrations of all 
samples under investigation was 
calculated to exceed 5% w/w. ’H
Ports for liquid 
helium
Ports for liquid 
nitrogen
Super insulation 
and high vacuum
Sample lift 
and spinner
NMR tube
Main magnet 
coils in liquid 
helium
Shim assembly 
Probe head
Figure 18.
Bruker Ultrashield™ 500MHz pulsed 
Fourier Transform NM R spectrometer.
57
Chapter 2 Experimental
NMR titrations were performed under the same experimental conditions by adding a 
small amount of a pesticide solution (^10 pi, ^1.00*1 O'2 mol/dm3) to a solution of
the corresponding receptor (^500 pi, ^8.00x1 O’4 mol/dm3). Changes in the chemical 
shifts upon addition of a solution of pesticide were recorded and compared to those of 
the free receptor. The sites of interactions as well as the strength of the complexation 
process were assessed from changes in the corresponding chemical shifts. The NUT132 
programme was used for the preparations of spectra.
2.4.2. UV/Visible spectroscopy
The complexation process between pesticides and receptors was assessed by 
comparing the absorption spectra of the macrocycle in the absence and in the presence 
of the pesticide. A CECIL 8000 series spectrophotometer equipped with deuterium
and tungsten lamps 
and white quartz 
cuvettes of 1 cm 
path length with a 
Teflon® lids was 
used (Fig. 19)134. 
The blank
experiments were 
performed prior to 
recording the
ight source
Collim ating
Figure 19.
Principal scheme o f UV/Vis spectrometer135.
Photo cell
Absorption celt
absorption spectra. In so doing, the reference cell was filled with the corresponding 
solvent only. The near ultra-violet cut-off wavelengths for the most commonly used 
solvents (1 cm cell) are given in Table 3134. A solution of the receptor in the sample
cell (^ 2.00 ml, =:5.00x l0'5 mol/dm3) was placed into the thermostated compartment
and the pesticide solution (^50 pi, ^ 2 .00x 10'4 mol/dm3) was added stepwise directly 
into the cell. The temperature was kept constant during experiments at 298.2 ±0.1 K 
unless otherwise stated. The spectrophotometer was linked to a PC using “Data 
Stream” software. All stability constant calculations were performed using the 
“Hyperquad”135 programme.
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Table 3.
Near ultra-violet cut-off wavelengths for some general-purpose solvent j 34.
Solvent X, nm Solvent X, nm
Acetone 330 Ethanol 210
Acetonitrile 210 Ethyl ether 210
Benzene 280 iso-Octane 210
Bromoform 360 Methanol 215
Butanol 210 Methylcyclohexane 210
Carbon tetrachloride 265 Methylformate 260
Chloroform 245 Nitromethane 380
Cyclohexane 210 i-Propanol 210
1,2-Dichloroethane 235 Pyridine 305
Dichloromethane 235 Tetrachloroethylene 290
N,N-Dimethylformamide 270 Water 210
Table 4.
Common ionisation methods in mass spectroscopy*36.
Ionisation method
Principal ions 
detected (+/-)*
Mass
spectrometer**
Sample classes 
(approx. MW limit)
Electron impact (El) M+» and some 
fragment ions
m , q
Non-polar and some 
polar organic 
compounds, <ca. 1.000 
Da
Chemical ionisation (CI)
MH+, M \(M -H )', 
M+.
M, Q
Non-polar and some 
polar organic 
compounds, < ca. 1.000 
Da
Fast atom/ion 
bombardment 
(FAB/FIB/LSIMS)
MH+, (M-H)' M, Q
Polar organics, proteins, 
organometallics,
<ca. 10.000 Da
*M=molecular weight 
**M=magnet; Q=quadripole.
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2.4.3. Mass spectroscopy
In contrast to other techniques, molecules are ionised in the mass spectrometer and 
these resulting ions are subsequently studied in detail. Once the ions have been 
formed, the process cannot be reversed and the sample recovered. Thus, mass 
spectrometry is a destructive means of analysis, which pre-determines its application 
for analytical purposes only.
The operational routine and the data acquisition were performed by technical staff of 
the Chemistry Division at the University of Surrey. High-resolution double focussing 
reversed Neir-Johnson Geometry MAT 95 XL magnetic sector mass spectrometer with 
an electrostatic analyser (ESA) was employed for the above purposes. Given that all 
samples were previously characterised by other techniques, selected ion recognition 
(SIR) instead of full scanning mode was performed. Electron Impact (El), Chemical 
Ionisation (Cl) and Fast Atom Bombardment (FAB) ionisation methods were 
employed for analyses of the samples with resolution up to 3,500 Da at full 
acceleration. Principal operational conditions and a list of corresponding sample 
classes are given in Table 4136. In Cl operations, iso-butane was used as a reagent gas. 
meta-Nitrobenzyl alcohol (NOBA) and glycerol were used as the matrices for El 
ionisation process.
2.4.4. Infrared spectroscopy
The technique was primarily used as a fast probe for the characterisation of receptors 
and guests. Spectra of chlorinated pesticides were particularly distinctive . The most 
prominent bands in the spectra of chlorophenoxy acids result from the out-of-plane 
bending of the ring C-H bonds and occur in the low frequency region of 900-650cm'1. 
A characteristic absoiption band was observed between 3100-3300cm'1 in the high 
frequency (short wavelength) of the spectrum resulting from ring C-H stretching. The 
C=0 group in carboxylic acids absorbs between 1725-1700cm'1. As a result of strong 
hydrogen bonds, a free O-H stretching vibration was not observed for carboxylic 
acids.
Some calix[4]arene-based receptors were also characterized by infrared spectra, yet 
their distinctive signals vary significantly less with respect to these of pesticides45. 
The stretching vibrations of the phenolic groups, which were the most distinctive 
features of the calixarene spectra, were observed in the region of 3150cm'1. Other 
minor variations in the patterns were found in the 500-900cm'1 region.
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Table 5.
Ciystal data, structure solution methods and refinement results for the receptors R3, R4 and R5.
Characteristics Receptor
R3 R4 R5
Empirical formula C64H82N40 7 (+EtOH) C71H97N40 4S2 (+3DMF) C63H78N20 5 5(+Me0H)
Formula weight 1019.36 1224.68 943.27
Temperature (K) 120(2) 120(2) 120(2)
Ciystal system orthorhomb ic, P2 Monoclinic, PI Triclinic, PI
Unit cell dimensions a
a(A) 19.958(1) 17.86(3) 12.550(2)
h(A) 13.298(1) 18.71(3) 35.917(6)
c(A) 43.567(1) 23.42(3) 13.053(2)
a  (deg) 82.683(1) 102.48(4) 90
p  (deg) 79.88(2) 109.10(4) 102.999(5)
r  ((leg) 66.37(1) 97.37(3) 90
Volume(A3) 5608.5(15) 7047.3(19) 2702.5(11)
Z calc. Dens. (Mg/m3) 4, 1.157 4, 1.154 2, 1.159
Abs.coeff. (m, mm ~l) 0.108 0.131 0.072
F(000) 1280 2640 1020
Ciystal size (mm) 0 .10x0 .55x0 .20 0.30 x 0.20 x 0.05 0.20 x 0.45 x 0.50
Ciystal color/shape Transparent/prismatic Colorless/plate Transparent/fragment
J  range data coll. (deg) 1.45 to 18.80 1.24 to 21.00 1.80 to 23.00
Index ranges 20<1<20 23<I<23 19<1<19
Reflections collect. 23423 42375 28453
Collected/unique [R(int)=0.081] [R(int)=0.100] 18145/7332 [R(int)=0.100]
Completeness 98.40% 96.50% 97.30%
Obs. refls.[I>2s(I)J 3376 7660 6117
Max. and min. transm. 0.954 and 0.588 0.963 and 0.556 0.928 and 0.672
Data collection COLLECT19
Data red. and co ir.b DENZO and SCALEPACK21
struct, solut.0 and SHELXS-9720
refinement programs SHELXL-9722
Refinement method Full-matrix least-squares on F2
Data/restraints/param. 11463/11/1867 14600/11/1652 7332/0/631
Goodness-of-fit on F 2 1.025 1.044 1.003
Final R ind.[I>2s(I)J e RI =0.0924, wR2=0.2293 RI =0.0924,wR2=0.2294 Rl=0.0685,wR2=0.1405
R indices (all data) Rl=0.0810,wR2=0.1897 Rl=0.1369,wR2=0.2617 Rl=0.0874,wR2=0.1486
Larg.peak, hole(e.A'3) 0.478 and -0.398 0.965 and -0.535 0.256 and -0.226
aLeast-squares refinement of the angular settings for 44389 reflections in the 2.43<S<24.50° range for R3, 
18226 reflections in the 2.71<S<15.00° range for R4 and 35780 reflections in the 2.15<0<21.00° range for R5. 
bCorreetions: Lorentz, polarization and numerical absorption.21 
‘Neutron scattering factors and anomalous dispersion corrections.
Structure solved by direct and Fourier methods. The final molecular model obtained by anisotropic full-matrix 
least-squares refinement of the non-hydrogen atoms.
*R indices defined as: R , =E||F01-|F c ||/£|F01, w R , =[Zw(Fa2-Fc2)2H,w(F02)2]1/2.
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2.4.5. X-ray crystallography
Molecular structures of receptors recrystallised from various solvents were 
determined in the X-Ray Laboratory at the Institute of Organoelement Compounds, 
Russian Academy of Sciences by Prof. M. Antipin.
Crystal data, data collection procedure, structure determination methods and 
refinement results for the receptors C26 (R3), C27 (R4) and C28 (R5), are 
summarized in Table 5138'141. The crystals were stable while kept in their mother 
solutions. To prevent their degradation during data collection, a single crystal was 
selected and soaked with a synthetic oil drop, mounted on top of a glass fibre and 
immediately cooled down to 120K by blowing boiling nitrogen vapour with a 
ciyostatic device. All H-atoms but the hydroxyl ones (which could not be located 
reliably from difference Fourier maps) were positioned stereo-chemically and refined 
with the riding model. The methyl H-atom positions were optimized in the refinement 
by treating them as rigid bodies allowed to rotate around the corresponding C-C bond.
2.4.6. Solubility measurements
To measure solubilities of the compounds involved in this work, saturated solutions of 
receptors and pesticides were prepared in the solvent of interest. An excess of the solid 
was added to the solvent followed by vigorous shaking. The mixture was left in a 
thermostat at 25.00 ± 0.05°C for several days to equilibrate the solid (sol.) and its 
saturated solution (s.) (Eqn.3). During this period of time, samples were being
P„(sol.) >P„(s.) (3)
repeatedly shaken and additional amount of the solid was added in the case that 
complete dissolution has been observed. Samples for analysis were taken at the 
equilibrium temperature and analysed either spectroscopically or gravimetrically as 
described below. Solvate formation was checked by using De Ligny method as 
described elsewhere142. No solvate formation was observed for the compounds of 
interest. All the measurements were done in triplicate.
2.4.6.I. Spectroscopic determination
This method was primarily used for samples with relatively low solubility in the given 
solvent. After the equilibrium had been reached, samples of the saturated solutions 
were directly filtrated from test tubes through a fitted glass filter to a vessel kept at the
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same temperature. After checking for precipitation, aliquots of the corresponding 
samples were taken, adequately diluted and the absorbance of the resulting solution 
was measured using the CECIL 8000 series UV/Vis spectrophotometer. The 
corresponding concentration and therefore solubility was read from a calibration 
curve. These calibration curves (Appendix 6, Table 1) were prepared in advance from 
a number of solutions of known concentration by plotting of molar absorbance against 
the concentration on the molar scale.
2.4.6.2. Gravimetric determination
The technique was found to be particularly advantageous for the compounds 
possessing high solubility or for those prone to form solvates. After the equilibrium 
has been reached, samples of the saturated solutions were directly filtrated from test 
tubes through a fitted glass filter to a vessel kept at the same temperature. After 
checking for precipitation, aliquots of the corresponding samples were taken and 
placed into calcined pre-weighed porcelain crucibles. The solvent was evaporated 
cautiously using a hot plate. The crucibles with the solid residual left inside were kept 
in a desiccator over calcium chloride to cool down to room temperature. Then these 
were weighed until constant weight was observed. Separate blank experiments were 
carried out to ensure the absence of any contaminating material in the pure solvent.
2.4.7. Conductometric measurements
A  Wayne-Kerr Automatic Bridge (type 7330) and meter was connected to a Russel 
platinum glass bodied electrode unit. The displays of the instrument can be adjusted 
manually by setting the meter frequency switches, which have 10, 1 and 0.1 kHz 
options. The conductivity experiments were carried out at a fixed frequency of 1 kHz 
and the resistance measurements were displayed automatically according to the 
chosen sensitivity.
An electrochemical reaction took place in the conductometric cell, which was a 
cylindrical glass vessel equipped with corresponding electrodes and placed in a 
thermostatic jacket. A magnetic stirrer was used to homogenize solutions during the 
experiment. Samples were injected into the vessel by means of an auto burette. To 
ensure the titration was accurate, the auto burette was previously calibrated by using 
the gravimetric technique.
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2.4.7.1 . Cell constant determination
The conductance cell constant was determined by stepwise addition of aqueous 
solution of potassium chloride (0.10 mol/dm3) into deionised water. Potassium 
chloride was previously purified as described above. Conductance readings followed 
each injection and these were recorded after allowing enough time for the solution to 
attain thermal equilibrium. The conductance of the deionised water was measured in 
advance and subtracted from each reading. The corresponding molar conductances 
(Am, Sxcm2/mol) were calculated from the Lind, Zwolenik and Fuoss’ equation 
(Eqn.4)143:
A m = 149.43-96.45'n/c -+58.74Clog(c) +198.40c (4)
In this equation, Ani and c denote conductance and concentration on the molar scale 
respectively. The molar conductance values of an aqueous solution of potassium 
chloride (0.10 mol/dm3) at 298,15K were used to calculate the cell constant according 
to the derivation procedure given further.
The resistance of a sample increases with the distance between the electrodes and 
decreases with their cross sectional area A  (Eqn.5):
R = P  x j  (5)
Where p is a characteristic property of the material termed the resistivity (Wxcm). 
The reciprocal o f the resistivity is termed the conductivity, k, (S) and therefore Eqn.6 
can be written as follows:
/ 1 
K - —  X —
A R w
The ratio //A refers to the cell constant (0, cm'1). Talcing this into account, the 
following expression can be derived (Eqn.7):
1 1—  = K  X —
R 0
-  (7)
The molar conductance Am of an electrolyte was defined as following (Eqn.8):
. k  x 1000
A ’» =  7  (8)
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Taking into account that the conductance, k, of a sample was the reciprocal of the 
resistance, combination of Eqns.3 and 4 gives an expression for calculating the cell 
constant (Eqn.9):
0 = A -"xc  (9)
1000 x k
After nine separate measurements were carried out (Appendix 5, Table 10), the 
average value of the cell constant, 6\ was found to be 1.00 ± 0.01 cm'1.
2.4.7.2. Speciation in various solvents
For these experiments the cell was filled with the solvent of interest (25 ml), sealed 
and left for approximately 2 hours for the thermal stabilisation at 298.15K. The 
conductivity of the solvent was measured and recorded prior to the titration. A
solution of chlorophenoxy acid or its salt (^1.00*1 O'2 mol/dm3) was added slowly
stepwise (—100 pi) allowing for thermal stabilisation. The readings of conductance 
were recorded after each addition and plotted against the square root of the ionic 
strength of the solution as described elsewhere144.
2.4.7.3. Complexation studies of ionic species
Conductometric titrations were applied to detect host-guest interactions and to 
establish the stoichiometry of the complexes between the receptors and salts of 
chlorophenoxy acids. For these purpoces, the cell was filled with the appropriate 
solvent (DMF, DMSO, MeCN) (25 ml), sealed and left for approximately 2 hours for 
the thermal stabilisation at 298.15K. When the equilibrium was reached, the 
conductance of the solvent was measured and recorded. The cell was emptied and 
filled with the solution of salt of chlorophenoxy acid (25 ml). After reaching the 
thermal equilibrium, the solution of receptor in the same solvent was added stepwise 
using a ThermoLabSystem micropipette or an auto burette. The concentrations of the 
receptors were chosen according to their solubility in the corresponding solvents
(^l.OOxlO'3 mol/dm3 for R3 and R4 in DMF and DMSO, ^3.00>4(r4 mol/dm3 for R3 
and R4 in MeCN). Concentrations of solutions of phenoxyacetic salts were 
approximately ten times lower with respect to those of the receptors.
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2.4.8. Distribution experiments and dimerisation constants determination
For the distribution experiments in the absence of ligand145, solvents were mutually 
saturated to avoid volume changes when mixed. A series of aqueous solutions 
containing different concentrations (S.OOxlO"5 - 1 .00x1 O'3 mol/dm3) of phenoxyacetic 
acids (2,4,5-T; 2,3,6-T and 2(2,4,5)-T) were prepared and their aliquots (10 ml) were 
put into twelve test tubes with the corresponding organic solvents. The mixtures were 
shaken for a period o f 30 min and left for 24 hours in a thermostat at 25.00 ± 0.05°C 
until the equilibrium was reached. Aliquots of the aqueous layers were taken and the 
amount of the pesticide was determined using the Cecil UV spectrophotometer, 8000 
series, as described above. The absorbance was registered within the range from 250 
to 350 nm and in all cases was follow the Beer’s law. The samples concentrations 
were derived from the absorption values using the appropriate calibration curves, 
which were prepared in advance using standard solutions of the pesticides in the 
corresponding solvents (Appendix 6, Table 1). The same technique was also used in 
the determination of dimerisation constants146, K2, for carboxylic acids in solvents, 
which are known to be slightly miscible with water. The dimerisation constants were 
calculated and the total amount of pesticides in the organic solution was corrected for 
the presence of associated species. In all cases distribution experiments and samples 
analyses were carried out in duplicate. During the experiments the pesticides were 
kept in a desiccator over calcium chloride under vacuum.
2.4.9. Titration calorimetry
Instrumental development of experimental and mathematical techniques for titration 
calorimetry has made this technique a powerful tool in calculating of thermodynamic 
quantities such as the changes in free Gibbs energy of solution (AG) entropy (AH) and 
enthalpy (AS) as well as the stability constants (Ks). Generally speaking, the technique 
deals with temperature changes in time on addition of one reactant to another. These 
temperature changes, or simply “heat”, can be produced by chemical reaction, 
physical interaction between the substances under investigation as well as a number of 
other nonchemical contributions associated with stirring of the solution, various heat 
loses and resistance heating of the thermistor. Calorimetric experiments are usually 
carried out under nearly adiabatic conditions although the exact settings and type of 
equipment solely depend on the nature of information needed.
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2.4.9.I. The Tronac 450 calorimeter
In this work, various calorimetric experiments were carried out at both macro and 
microwatt ranges to gain the maximum possible information on complexation 
processes between the ligands and the pesticides under investigation. The Tronac 450 
calorimeter was used for routine measurements yielding sufficiently curved diagrams 
and, thus, AH value large enough to be handled and calculated. The calorimeter 
consists of the insert-assembly and 60 dm3 water bath, which is maintained at constant 
temperature by heater/cooler unit, motor driven stirrer and temperature control probe 
as shown in Fig.20. The accuracy of the temperature controller allows keeping the
Constant temperature water 
bath with stirrer, heater and 
cooling water connections
reaction vessel stirring motor 
electrical junction box
reaction vessel clamp 
reaction vessel
isoperobol
electronics
burette motor
bath stirring motor 
bath temperature control probe
insertion assembly
burette
titration tube
Figure 20.
Tronac 450 calorimeter assembly.
desired temperature of the bath well within ± 0.01°C. The insertion-assembly includes 
a 2cm3 burette, a 50 cm3 rapidly responsive glass vacuum Dewar reaction vessel and a 
thermistor bridge with the corresponding electrical circuit. The ampoule breaking 
mechanism was used to conduct experiments for the determination of the heat of 
solution. A glass ampoule filled with the substance of interest was sealed and placed
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into the mechanism, which was designed to fit into the reaction vessel. When the 
equilibrium between the solvent in the reaction vessel and the water bath was reached, 
the ampoule was broken and the resulting heat was recorded. This heat was corrected 
for the thermal effect of breaking of an empty ampoule in the given solvent.
2.4.9.2. Calibration of the burette
In continuous titration calorimetry, the titrant is introduced at a constant rate during a 
nm. Being driven by the stepping motor, the burette delivers certain amount of 
reactant into the reaction vessel. Therefore the calibration of the burette is essential 
for accurate delivery of the reactant into the reaction vessel within a definite time 
interval. The so-called Burette Delivery Rate (BDR) was determined by measuring the 
amount of deionised water collected over several measured time intervals (Appendix 
6, Table 3). In this way, the BDR (cm3/s) was derived as shown in Eqn.10:
BDR = (10)
d x t
In this expression w, d and t stands for the weight of water (g), density of water 
attributed to the operating temperature (g/cm3) (d = 0.9970 g/cm3 at 25°C) and the 
collection time (sec) respectively. The BDR was found to be constant for the given 
appliance and independent of the amount delivered. Thus, a plot of the volume 
delivered vs. time is a straight line with the slope is equal to BDR (6.6x1 O'3 ml/s).
2.4.9.3. Standard reactions
The protonation of aqueous solutions of tris(hydroxymethyl)aminomethane (THAM) 
and hydrochloric acid was suggested as the standard thermochemical reaction since 
both logKs and AH values were large enough, the interaction was stoichiometric and 
the resulting heat of the reaction could be easily measured147. The reaction taking 
place into the reaction vessel is described by Eqn.ll:
H 2N C (CH 2O H )3{aq) + ^3 0(aq) N +C (C H 20 H )Haq)+H 20  (11) 
logKs = 8.07; AH = -  47.41 kJ / mol
In this experiment an aqueous solution of HC1 (50 cm3, 0.10 mol/dm3) was titrated 
with aqueous solution of THAM (0.25 mol/dm3) and the total heat of the reaction (Qr)
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was recorded. This was followed by corrections for the heat of hydrolysis (Qh) and the 
heat of dilution (Qd) of THAM in water as indicated in Eqn.12:
QP=Qr-Qd~Qf, (12)
where Qp is the heat of protonation. The hydrolysis of THAM is represented by Eqn.13
H 2NC (CH 2O H )3 + H 20  -+  H 3N +C (CH 2O H )3 + OH~ (13)
from which the expression for the molar concentration of hydroxide ions can be easily 
obtained through the equilibrium constant (Eqn.14):
[OH- ]  = ^ K hx[THAM] (14)
In this equation Kh stands for the hydrolysis constant, which reported value in terms 
of logarithm was -  5.929148. The heat of hydrolysis (Qh) was calculated from Eqn.15
Qh = [OH~]x V x AhH°  (15)
where V is the volume of THAM added in each step (dm3) and AhH° is the standard 
enthalpy of water formation (kJ/mol) (-  55.89 kJ/mol at 298.15K147). Therefore, the 
final expression for the enthalpy of protonation, APH°, is given in Eqn.16:
A H "  =+£- (16) 
n
where n is the number of moles of THAM added in each step of the titration. The 
average experimental value obtained for the above reaction in Tronac 450 calorimeter 
was -  47.57 ± 0.21 kJ/mol (Appendix 6, Table 4). This is in a good agreement with 
those reported in the literature and previously obtained in the Laboratory of 
Thermochemistry, University of Surrey147,149'153.
2.4.9.4. Treatment of calorimetric data
A complete thermogram of either an exothermic or an endothermic process consists of 
four distinguishable regions. These are the initial or pre-reaction, the reaction and the 
two post reaction phases denoted as A, B, C and D regions respectively (Fig.21). 
Names o f the phases are rather self-explanatory. There is no addition of titrant during 
the initial phase A and therefore the titrate temperature is nearly invariant with time. 
Oppositely, the changes of the temperature within the reaction phase B are largely 
attributed to an interaction between titrant and titrate after introducing the former into
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Figure 21.
Complete thermogram of a thermochemical event.
the reaction vessel. The difference 
between two post reaction regions is 
that the titrate temperature changes 
slightly with time within region C due 
to continued addition of titrant, 
whereas the temperature becomes 
again almost invariant with time as 
the addition of titrant is complete, D. 
In order to calculate heat value from the data obtained in calorimetric experiment, it is 
necessary to know the energy equivalent or heat capacity o f the calorimetric system, 
s, for comparative purposes. This proportionality factor is also known as calibration 
constant and helps to reduce both experimental and calibration data to a common 
magnitude. From a calibration experiment where a known amount of energy is 
introduced into the reaction vessel the calibration constant can be calculated 
(Eqn.17):
= S l
AT/Vi: (17)
where Qj is the energy input and ATCOrr is the corrected temperature rise (mm). No 
matter however strange this fact may be, yet this temperature rise should be corrected 
differently for either chemical or electrical calibration data treatment. This is due to
the fact that during a chemical
Figure 22.
A typical titration thermogram resulting from 
a) electrical heating and b) chemical reaction.
reaction substantial heat exchange 
between the reaction vessel and its 
surroundings takes place. This 
difference results in two diverse 
curves shown in Fig.22. The 
Dickinson’s154 method of 
extrapolation should then be applied 
in both cases. It states that the 
corrected temperature rise is evaluated 
by extrapolation of the initial and the 
final drift lines, Si and Sf, to the time 
where the temperature rise is equal to
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Clock
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Rd = Rii
Reaction vessel 
resistance heater, Rii =» I00Q
W \ A A +
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Power supply
o
0.50ATtotai or 0.63ATtotai for electrical 
and chemical heating respectively. It 
is explained on the basis that the heat 
evolution during a chemical reaction 
is exponential, whereas the heat 
production in an electrical calibration 
is usually linear.
Figure 23.
Typical calorimeter heater circuit.
A Qi value is evaluated for the typical 
calorimeter heater circuit shown in
Fig.23 from Eqn.18.
(18)
The standard resistance, Rs, of the Tronac 450 calorimeter is equal to 100.02Q and 
the differences in potential, Vr and Vs, across the heater and the standard resistances 
were obtained within accurately measured time intervals, t. Finally, the enthalpy 
change on the molar scale was calculated as shown below in Eqn.19.
n
In this equation n is the number of moles of titrant added in each step.
2.4.9.5. Thermal Activity Monitor
The 2277 ThermoMetric thermal activity monitor (TAM) (Fig.24) is a calorimetric 
system designed to monitor a wide range of chemical reactions. Thermal events 
producing fractions of microWatt can he observed, which means that temperature 
differences less than 10‘6 °C could be detected155. The TAM utilises the Heat Flow or 
Heat Leakage principle where heat produced in a reaction vessel flows away in an 
effort to establish thermal equilibrium with its surroundings. Heat from a reaction in 
the reaction vessel is passed through extremely sensitive thermopile blankets called 
Peltier elements before escaping to the heat sink. These elements act as thermoelectric 
generators and capable of responding to temperature gradients of less than one 
millionth of a degree Celsius. Samples are introduced into the TAM in so called 
measuring cylinders (Fig.24). All cylinders are constructed in twin form with two 
measuring cup assemblies in each cylinder. In each measuring cup two Peltier
(19)
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water pump
connections to external 
water circulator
temperature regulator
Figure 24.
The 2277 ThermoMetric thermal activity 
monitor (TAM ) and the measuring cylinder.
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hinged cover
digital voltmeter
ampoule lifter
heat exchanger
heat
exchange
coil
scaled ampoule 
at equilibration 
position
(----
ampoule
lifter
sample
flow
detectors are connected in series. The sum of the voltage signal from this pair of 
detectors is referred to the sum of the voltage signal from the pair on the other 
measuring cup in the same cylinder. Rationally, the two pairs are connected in series 
in opposite to each other. Therefore, the resultant signal represents the difference in 
heat flow from the two measuring cups. This allows using the cylinder as a measuring 
assembly with an internal reference source. Each cylinder, together with its individual 
amplifier, forms a complete measuring channel. Up to four channels can be operated 
at the same time in the monitor. Outstanding thermal stability of the calorimetric 
system is achieved by using a 25-litre thermostated water bath that surrounds the 
reaction vessels and acts as an infinite heat sink. Several interactive controlling 
systems work together to maintain water at a constant temperature within the working 
range of 5 -  80°C with accuracy ± 2x1 O'4 °C155. A built-in RS232 interface is provided 
for controlling the system externally. The Digitam 4.1 software supplied by 
Thermometric AB and Scitech Software AB companies, Sweden, was exploited for 
collecting the data.
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Similarly to the macro calorimetric system, results provided by TAM are computed 
using electrical calibration. The TAM must be calibrated when is used for the first 
time and after a change in the experimental conditions. Known power values are 
passed through built-in heating resistors and the deviation of the recorder due to this 
thermal power gives a calibration level which is used to determine quantitative 
experimental results. After performing this static calibration, the output signal from a 
reaction vessel could be filtered automatically by an incorporated microprocessor. 
This is called dynamic calibration and during this process the time constants, static 
gain and zero offset are stored in memory to be compared to the calorimetric response 
for correction of the latter. This mode should be used when rapid in thermal event are 
expected. Otherwise, the calibration unit reduces electrical noise from the amplifier 
and a filtered “raw” signal is obtained.
However sophisticated this TAM calorimetric system may be it is necessary to check 
its accuracy on regular* basis performing a standard reaction. As far* as the main 
concern of our research belongs to the field of supramolecular chemistry, ultimate 
choice of the standard reaction was obvious. Thermodynamic parameters of 
complexation of Ba2+ by 18-crown-6 were determined in water, as it had been 
suggested by Briggner and Wadso155. Aqueous solution (2.8 ml, 3.98x1 O'4 mol/dm3) 
of the crown ether was placed into the reaction vessel and titrated with aqueous 
solution (8.85x10"3 mol/dm3) of BaCL (Eqn.20):
Baljq) +18 “ crown ~ 6ia<i) ->iBa2+~18 - crown ~ 63(^> (20)
The stability constant, Ks, as well as other thermodynamic quantities AG, AH and AS 
were obtained and compared with those previously reported in literature156. Good 
agreement between the above thermodynamic parameters (logKs = 3.76±0.03 and 
3.72+0.05150; ACH° = 31.3+0.3 and 31.7+0.2150 kJ/mol) has confirmed high accuracy 
of the TAM system and its legitimate use for further experiments given in this work.
2.4.9.6. Refinement of stability constants
The equilibrium constant for a given reaction can be determined by titration 
calorimetry unless, that is, the magnitude of this constant is within certain limits. 
Practically, the range of applicability of the technique lies between 1 and 6 logKs 
units. This fact can be distinctly illustrated providing the family of thermograms
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A H  =  constant LogKuvcniu
Figure 25.
Thermogram for a chemical reaction showing the 
effect that the equilibrium constant has on the 
shape of the thermogram.
related to the Ks value (Fig.25). In 
the picture, the curves for systems 
with logKs values greater than 
approximately 6 vary
insignificantly from one another, 
which make impractical any 
accurate calculation of the stability 
constant in these cases. On the 
other hand, for interactions with 
logKs values lower than 1 the 
amount of complex formed is
almost negligible and hardly any heat effect could be noticed.
Nevertheless, it is certainly possible to overcome the above difficulties should 
determination of higher or lower stability constants become necessary. In the first 
case, displacement titration calorimetry could be employed. In this method, the guest 
species of interest substitute other guests, whose thermodynamic parameters are well 
known, within the complex. As a result, the stability of the first complex is taken as 
the baseline to the new complex to be formed. In the second case, however, the 
connection between the Kg and AH is obvious. The lower Ks is, the higher AH should 
be to gain a sufficiently curved diagram. In other words, the problem can be solved by 
increasing concentrations of the reagents.
The stated below technique for calculating of the stability constant is based on the 
assumption that the activity coefficient of a neutral receptor is equal to unity while the 
activity coefficients of a guest and the formed complex are equal to each other. Thus, 
assuming an abstract reaction between a host H and a guest G yielding a complex HG, 
the expression for stability constant is given in Eqn.21:
K.. =
[HG]  
[H ]  x [G]
(21)
where [HG], [H] and [G] stand for molar concentrations of the complex, the host and 
the guest respectively. Further, the heat o f host-guest interaction at any point of the 
titration is (Eqn.22):
QH_G=AH-An  (22)
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where AH is the enthalpy change for the reaction and An is the overall number of 
moles of the complex formed. In its turn, An can be represented as the product of 
molar concentrations of the complex and its total volume added to the titration point 
(Eqn.23):
A n = [HG]-Vadd(23)
Considering all known quantities, it is easy to notice that An could be expressed in 
terms of the concentration of each species present in the reaction vessel. However, 
this requires the value of the stability constant which is unknown. A solution to this 
problem is to approximate the value for IQ, derive the corresponding value of An and, 
that is, obtain AH to each point of the titration. The Ks and AH values should be the 
same for the same reaction at the identical conditions, which could be easily verified. 
Should these conditions be violated, a new value of Ks is chosen and the calculations 
are carried out iteratively until the above conditions are satisfied.
To illustrate the above procedure, the concentrations of various species for the 
reaction H + G = HG in the calorimeter are calculated using following Eqns.24 - 28:
[G ]T = [H G ]+ [G ]  (24)
[H ]T = [H G ]  + [H ]  (25) 
[HG]
(26)
[HG ]2 - [ H ] t + [G ], + 4 -  x[//G] + [/i-]r [G]r =0
K
[HG] =
[H ] r + [G]r +
K
+ [H ] r + [G]r +
K
(27)
(28)
Having obtained [HG], the change of enthalpy could be found and the change of the 
free energy, AG, is then determined by the relationship (Eqn.29):
AG = - R T  In K s 
and the change in entropy, AS, is then given by Eqn.30:
A ^ (A^-AG),
(29)
(30)
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2.4.10. Liquid-liquid extraction
Pesticides extraction experiments were performed according to the Pedesen’s 
procedure157. Ten ml. of 3.00xl0'4 mol/dm3 aqueous pesticide solution were merged 
with an equal volume of an appropriate calix[4]arene derivative solution in CHCI3 or 
C6H14. A  number of stoppered glass test tubes containing such binary systems, in 
which concentrations of the receptor varied within the range from 3.00x1 O'5 mol/dm3 
to 9.00xl0"4 mol/dm3, were prepared to cover various [Ligand]/[Pesticide] ratios. 
These tubes were vigorously agitated for 3 min and left in a thermostated water-bath 
at 25°C overnight. The remaining concentration of pesticide in the aqueous phase was 
then determined spectrophotometrically as described above in Section 2.4.2. Blank 
experiments were carried out simultaneously to assess the extracting abilities of the 
organic solvents alone.
2.4.11. Batchwise solid/liquid extraction
A solid matherial (0.05 g) was shaken for 3 min with a 3.00xl0‘4 mol/dm3 aqueous 
solution of pesticide (10 ml) in a glass test tube and then immersed into a 
thermostated water-bath at 25°C overnight. After filtrating the copolymer off, the 
remaining concentration of pesticide in the aqueous phase was then determined 
spectrophotometrically as described above.
2.4.12. Capacity measurements
Accurately weighted copolymer was placed into a 50 ml flask and 10 ml of pesticide 
solution of known concentration were then added. After vigorous shaking, the flask 
was submerged into a thennostatic water-bath at 25°C and left overnight. After this 
period an aliquot of the solution (5 ml) was taken and analysed spectrometrically for 
determining of the pesticide content. Another aliquot of the fresh solution (5 ml) was 
added to dispersion of the copolymer and the system was left in the thermostat for a 
further overnight period. The procedure was repeated stepwise until no further uptake 
was obseived.
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3. Results and discussion
3.1. Syntheses of receptors and co-polymers
Supramolecular Chemistry provides numerous approaches for the rational 
achievement of the objectives of this work. The research strategy involved an 
introductory physicochemical analysis of pollutants and prospective receptors in 
various media. The behaviour of chlorophenoxy acids in various media was 
examined. As such, their solubility, the nature of speciations in different organic 
solvents as well as their partition and distribution in binary water-organic solvent 
systems were investigated. This information has been used to evaluate complex 
formation between the “host” and “guest” in various media.
The selective binding of a substrate involves the design of receptors having steric and 
electrostatic centers complementary to those of the substrates. On the basis of these 
requirements, several receptors were designed for the selective recognition of 
chlorinated carboxylic acids and their metabolites. The most promising and 
advantageous structures selected for further work were those containing carboxyl, 
amide, (thio)urea and imide substituents in combination with other heteroatoms and 
their assemblies.
The calix[4]arene framework was chosen since it provides a convenient route for 
chemical modification and possesses cavities of complementary size to the guest 
species. This original structure was consequently subjected to a number of chemical 
modifications to improve its ability to remove obsolete pesticides from water and soil. 
A  number of synthetic pathways were tested to optimise the conditions for obtaining 
the highest yield of receptor. Finally, the practical exploitation of such receptors was 
rationalised through attachment to various polymeric substrates and naturally 
occurring materials. A number of potentially promising pathways were tested 
experimentally.
3.1.1. Carboxyl derivatives
Hydrogen bonds are directional and therefore their formation requires the designed 
receptor to match a specific shape for recognising anionic or neutral guests of 
different geometry. Since hydrogen bond formation is the characteristic property of 
carboxylic acids, it was decided that the synthesis of calix[4]arene having carboxyl 
subunits would provide a complementary chemical environment for these guests.
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These moieties were reinforced by amide units, which with the appropriate 
arrangement are known to coordinate to the 71-electron systems of planar anions158.
A  two-step procedure was considered to be adequate for the preparation of a fully 
substituted calix[4]arene derivative (Scheme 9). While the synthesis of precursor Cl
Scheme 9.
Reagents and conditions: i) ClCO(CH2)2Cl, NaOHaq, 0°C, ii) NaH, DMF/THF, reflux.
proceeded smoothly, the subsequent reaction with the parent calix[4]arene gave the 
desired macrocycle C2 in merely 5% yield. It was originally thought that the reason 
for low yield of the target product was due to the fact that chlorine is the least 
appropriate leaving group among halogens. As a result, the final stage of the synthesis 
was put at risk. Nevertheless, after experimenting with different bases it became 
apparent that the failure of reaction II should be attributed to a combination of 
predominantly structural and kinetic factors. Thus, bulky arm-groups have the least 
possibility of orientating themselves with respect to the macrocycle in order to 
provide the most favourable conditions for interaction. In addition, mutual repulsion 
between these groups reduces the chances of the effective collisions of molecules 
even further. Considering the number of stages, reagents and the extremely low yield 
of the final macrocycle, Scheme 9 was considered to be inefficient for further 
developments and the scaling up. It is therefore concluded that the use of C2 as 
extracting agent for chlorinated phenoxy acids remained problematic.
3.1.2. Rigid upper rim urea functionalised calix[4]arene derivatives frozen 
through crown-3 bridges at the lower rim
The hydrophobic cavity of calix[4]arene is well known to host aromatic guests of 
complementary size. This property is most pronounced when this ligand is found in its
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“cone” conformation. In an attempt to restrain the conformational flexibility of the 
receptor, rigid and undistorted lower rim bridged calix[4]arenes were obtained by the 
reaction with diethylene glycol ditosilate. These macrocycles are able to recognise 
nitromethane and malononitrile as guests in apolar media47
The final structure of the proposed host was obtained by modification of a literature 
method159. The idea to use a bridged immobile structure frozen in its “cone”
conformation in combination with a strong hydrogen bond 
donating group was adopted for the recognition of 
molecules of pesticides on the basis o f complementarity. It 
was expected that the electron rich phenolic nuclei of the 
host would be able to attract the aromatic system of the 
molecule of pesticide through n - it interactions. The 
selectivity toward certain pesticides was assumed to be 
achieved by varying the length of the side chain between the aromatic ring and the 
nitrogen atom of the receptor. The following Scheme 10 was proposed to achieve this
C4
Scheme 10.
Reagents and conditions: i) A1C13, Toluene, 60°C, ii) NaH,
DMF, 4 h, iii) C6H5NHCONHCH2OH, CF3COOH/CH2Cl2.
goal. The first step of the Scheme was performed as described in the Experimental 
section 2.3 to give C3 as the intermediate in a good yield (88%) and purity. However, 
the next phase of the procedure had limitations as far as purity and quantity of the 
product is concerned. Careful control o f the reaction conditions and the ratio between 
the reagents was chosen as the strategy for lower rim fixation. As a result, reaction II 
gave C4 in 10% yield as its best. This second step led to six different compounds, 
besides the desired one, three of which C4a, C4b and C4c were fully characterised by
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!Ii MMR, Appendix 1, Fig. 12,13,14; and Mass Spectroscopy, Appendix 4, Fig. 2,
3, 4 respectively. Apparently, partially substituted structures are at equilibrium with 
the stalling materials and the fully substituted product. Therefore, the invariable result 
of all attempts was a mixture of the same products. A  1,2-altemate conformation is 
highly probable in this reaction due to the relatively easy rotation of the phenolic rings 
in the absence of any bulky substituents.
Given that the primary target was to synthesise a product for further 
commercialisation, factors such as the presence of various side-products, 
conformational instability and low yield of the half-product were considered to be a 
serious drawback. The final step of the Scheme was therefore postponed and a more 
efficient method for the synthesis of C4 was conducted.
It was decided to rigidity the parent p-terfrbutylcalix [4] arene to prevent 
conformational mobility by the presence of terfrbutyl groups at the upper rim. Taking 
into consideration literature reports47, it was decided to proceed with the removal of p- 
tert-butyl groups under the same conditions as those applied to the synthesis of C3, 
(Scheme 11). A noticeable increase in yield of C5 was observed in step I. The
— F S f ro o  o 9
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Scheme 11.
Reagents and conditions: i) NaH, DMF, 4 h, ii) AlCfy, Toluene, 
60°C,iii) C6H5NHCONHCH2OH, CF3COOH/CH2Cl2.
A N
NH
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partially substituted derivative C5a shown aside (LH 
MMR, Appendix 1, Fig,16; Mass spectroscopy,
Appendix 4, Fig.6) was the only side product, yet the
following stage II was troublesome indeed. Contrary to 
reported behaviour47, elimination of p-terLbutyl by the 
Friedel-Crafts reaction did affect the bridges and ended up with the starting materials, 
namely p-ter/-butylcalix[4]arene, instead of C4. Direct nitration of C5 gave a mixture 
of mono, two, three and frilly substituted products. Although numerous attempts to 
optimise chromatographic conditions were undertaken, the separation of the mixture 
on both silica and alumina remained problematic.
Since the main problem was the preparation of the rigid intermediate C4, the
compound C6 was synthesised to check whether the assumed interaction between a
carboxyl anion and urea takes place. C6 was obtained by 
the reaction of aniline with phenyl isocyanate, that is the 
° Y * H most common synthetic pathway to synthesise non-
j^ N^nh symmetrical urea derivatives. The reaction gave the
eg desired product in almost quantitative yield (95%) and
went according to the mechanism shown below160,161 (Eqn.31). 'FI NMR 
measurements were carried out to assess the interactions between
r n c o  +  R,m2
O'
R N = C +
H2FlR1
o-
R N = C
R,
0
R N H C7 3 s\ (31)
NHR'
C6 and pesticides, which gave very promising results. Taking these results into 
account, other synthetic approaches to rigidify the “cone” conformation of 
calix[4]arene were tested.
Thus, a new synthetic pathway, which includes the protection of two opposite 
phenolic groups followed by immobilisation of the calix[4]arene basket by the 
introduction of a single crown-3 bridge, was carried out as shown in Sheme 1 2 . 
Diametrically substituted macrocycle C7 was obtained (55% yield) in the reaction of 
C3 and 1-iodopropanol in DMF. Potassium carbonate was used as the base and 18- 
crown-6 served the purpose of a phase transfer catalyst160,162. Through a similar 
procedure as that described in the literature163, 2-iodoethyl ether was used to perform 
Stage IIL Dissimilar to the reported procedure, 2-Bromoethyl ether was employed in
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Scheme 12.
Reagents and conditions: i) A1C!3, Toluene, 60°C, ii) K2C 03, 18-C-6, CH3CN, 
reflux, iii) K2C 03, 18-C-6, (BrCH2CH2)0 , DMF, iv) C6H5NHCONHCH2OH, 
CF3COOH/CH2Cl2.
an attempt to obtain C8 as the iodine-derivative was not commercially available. All 
attempts to obtain C8 in its pure form were unsuccessful. The most plausible 
explanation for this is probably a combination of steric factors and the absence of 
activating substituents in para-positions with respect to the phenolic hydroxyl groups. 
The presence of two propyl moieties drastically reduces the probability of 
simultaneous interaction of the hydroxyl groups, which are not sufficiently acidic due 
to the absence of electron-withdrawing substituents in the para-position. The 
unsuccessful attempt to use diethylene glycol ditosylate supports such conclusions. 
Since the purpose of the schemes applied was to synthesise an inexpensive and 
effective compound for pesticide removal, the synthesis of rigid upper rim 
functionalised urea derivative was considered to be time and resource consuming and, 
therefore, counterproductive.
3.1.3. Rigid calix[4]arene derivatives frozen through urea derivative bridges at 
the lower rim
Two other strategies for creating the desired macrocycle were proposed for further 
investigation. Both of them were aiming to obtain similar products but by quite 
different synthetic procedures. According to Scheme 13, the lower rim 
functionalisation was planned to be performed in a way, which has already been 
tested before. Assembling the bridge structure in advance with its consequent 
attachment to the calix[4]arene framework was the first strategy to be tested. In 
contrast, Scheme 14 was based on the stepwise substitution of opposite phenolic
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Scheme 13.
Reagents and conditions: i) A1C13, Toluene, 60°C, ii) aq. NaOH, BrCH2CH2NCO, iii) 
BrCH2CH2NCO, CH2C12, 0°C, iv) K2C 03, 18-C-6, Acetone, v) K2C 03, 18-C-6, Acetone.
hydroxyl groups with successive functionality changes. This allowed to joint the arm- 
groups and to form the bridge in the final stage. The synthesis of C9 was carried out 
within a period of one hour in an aqueous solution of sodium hydroxide at 0°C. The 
product, which precipitated from water, was collected and dried. The great reactivity 
of the primary aliphatic amine did not allow the isocyanate to hydrolyse. However, 
the presence of two bromine atoms in the molecule was a matter of great concern. 
These bromine leaving groups were an essential part of the next step in the synthetic
Compound C9 was found to be rather unstable. Keeping this for a week in a 
desiccator over calcium chloride as the drying agent at room temperature led to a 
colour change from white to violet. Thus, decomposition of C9 at Stage IV was 
decided to be a plausible explanation of the overwhelming stalling material presence 
(C3) in the reaction mixture. Not surprisingly, CIO became a troublesome as well. In 
spite of the aprotic solvent, in which the reaction was carried out and using 
triehylamine as a base, neither *H nor 13C NMR (Appendix 1, 2, Fig.22, 4 
respectively) revealed the presence of traces of CIO in the reaction mixture. Analysis 
of this sample by Mass Spectroscopy (Appendix 4, Fig.7) showed that extensive 
hydrolysis of the urea had occurred. Although this sample was subjected to slightly 
different reaction conditions (aprotic solvent as a medium and triehylamine as a base)
o procedure. Low temperature was therefore essentially required 
for the addition of 2-bromoethyl isocyanate in order to prevent 
bromine elimination and avoid the formation of by-product C9a 
shown aside, lH MMR, Appendix 1, Fig.21.
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it is unlikely that hydrolysis was the only reaction taking place. Conjugation in the 
molecule and, thus, less reactivity of the aromatic diamine might also be the reason of 
such behaviour. Due to the reasons explained above, Stage V has not been performed. 
In contrast, Stages I and II of Scheme 14 were well established and described164.
Either the presence or absence of the p-fcrr-butyl groups at the upper rim does not 
affect the yield or the course of the reactions. Therefore, p-te/Y-butylcalix[4]arene was 
chosen as a framework to check this hypothesis without doing an extra step. C ll  was 
obtained in excellent yield (93%) using potassium carbonate as a moderate base and 
18-crown-6 as phase transfer catalyst in acetonitrile160. The arm groups were then 
reduced using lithium aluminium hydride to give the essentially pure C12 (98% 
yield).
Several attempts were undertaken to obtain C13 through the reaction between C12 
and 1,3-phenylene diisocyanate. However, none of them were successful. It is clear 
from the *H NMR spectrum (Appendix 1, Fig.34) that the compound obtained is the 
parent calix[4]arene. Resonance signals for the methylene bridge protons were 
prominent and these could be seen at 4.011 and 3.282 ppm. Nevertheless, the 
compound revealed poor behaviour under chromatographic conditions in the presence 
of both silica and alumina. Expected formula weights were not found by Mass 
spectroscopy either (Appendix 4, Fig.10).
Bearing in mind possible centres of interaction between the pesticides and the ligand, 
a similar scheme (Scheme 16) was proposed. Phenolic hydroxyl groups were
C13
Scheme 14.
Reagents and conditions: i) K2C 03, 18-C-6, BrCH2CN, 
MeCN, ii) LiAlH4, THF, iii) (OCN)2Ph, Et3N, CH2C12.
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substituted with ^-propyl moieties to avoid possible binding of the bridging urea 
moieties with the carboxylic group of the pesticides from one side. The idea of this 
was the inclusion of phenoxyacetic acids into the hydrophobic cavity as shown below 
(Scheme 15). As mentioned before, should the introduction of the bridge be
Scheme 15.
Computer simulation o f a probable host-guest interaction.
successful, the tert-butyl groups could be easily removed to yield the desired 
structure. It was experimentally found that C14 could only be obtained from the
Reagents and conditions: i) K2C 03, 18-C-6, BrCH2CN, MeCN, ii) NaH, 
CH3CH2CH2Br, THF/DMF, iii) LiAlH4, THF, iv) (OCN)2Ph, Et3N, CH2C12.
reaction between dicyanomethoxycalix[4]arene C ll  and propionyl iodide (and not 
vice versal) under the conditions shown for Stage 33. This alkylation was initially 
attempted in diy THF. All attempts to perform the synthesis in the reverse direction 
and to attach bromoacetonitrile to a disubstituted propylcalixarene were unsuccessful. 
In general, C15 was obtained under the same conditions as C12 with a similar yield of 
approximately 90%. Nevertheless, there was no success achieved in attempting to join 
the amine moieties together to gain C16 as the final product. Apparently, the 
insufficient reactivity of 1,3-phenylene diisocyanate was the characteristic, which put
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Stage IV at risk. Thus, substitution of 1,3-phenylene diisocyanate by 1,4- 
diisocyanatobutane according to Scheme 17 gave C22 in 34% yield. Stage Hla was
Scheme 17.
Reagents and conditions: iiia) Et3N, OCN(CH2)4NCO, CH2C12.
performed under the same conditions as Stage III. It was decided to attempt this stage, 
since the compound is reasonably similar to the terminal unit employed previously in 
terms of potential reactive groups. However, the temperature was decreased (ice bath) 
to prevent the hydrolysis or/and the decomposition of the aliphatic diisocyanate. C22 
was purified by column chromatography in the presence of silica and revealed poor 
separation with respect to the product. This was solved by careful choice of the 
developing solvent. Being encouraged by the successful synthesis of C22, an 
additional step was planned with the aim of binding amine moieties in C12. This 
stage, however, was not completed as the bridge unit (1,3-bis(isocyanatomethyl)- 
benzene) was no longer commercially available.
3.1.4. Alternative rigid calix[4]arene derivatives frozen through the lower rim
The synthesis of C22 opened the possibility of an alternative reaction (Scheme 18). 
C21 (Stage nib) was synthesised via a modified literature methodology165 by
Scheme 18.
Reagents and conditions: iiib) Et3N, ClOCPhCOCl, CH2C12.
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altering the bridging group. Isophaloyl dichloride was expected to react with C12 
yielding two products o f [1 + 1] and [2 + 2] condensations. In summary, both, the 
monomer and the dimer were expected to be products o f a reaction similar to those 
described in the literature165. In contrast, C21 was the only product obtained under the 
working conditions. This was purified by column chromatography and revealed good 
separation on silica.
3.1.5. Flexible lower rim calix[4]arene urea derivatives
Following a similar' procedure, flexible lower rim calix[4]arene urea derivatives C23 
and C24 were obtained (Scheme 19), with the aim of investigating their complexation 
abilities and comparing the latter with that of a rigid host (C22). Both compounds
C24 X=S
Scheme 19.
Reagents and conditions: iiic) PhNCO (PhNCS), MeOH.
(C23 and C24) were obtained under identical conditions and in remarkably high 
yields (91% and 93% respectively). According to *H NMR studies, C23 and C24 
were essentially pure after grinding with methanol. Nevertheless, analytically pure 
compounds were obtained by recrystallisation from analytically graded methanol.
It is worth mentioning that attempts to synthesise C23 in a way other than IIIc was 
also undertaken. The arm-group, C17, was prepared by the reaction of 2- 
bromoethylamine hydrobromide and phenyl isocyanate according to the mechanism 
for unsymmetrical ureas, which was described earlier. Reaction with the primary 
amine was carried out in basic aqueous media to favour formation of the desired 
product. The whole reaction period was 3 hours and gave pure C17 as white flakes. 
Except for lH NMR (Appendix 1, Fig.29) the molecular weight of C17 was checked 
by mass spectrometry (Appendix 4, Fig.9) as the bromine presence was crucial for 
the next step. A  further attempt to synthesise C23 by direct attachment of C17 was 
undertaken (Hid) (Scheme 20). Should Hid be successful, this would allow to
87
Chapter 3 Results and discussion
Scheme 20.
Reagents and conditions: i) PhNCO, aq. NaOH, 60°C, 
ii) K2C 03, 18-C-6, CH3CN, reflux, iii) NaH, THF/DMF.
eliminate one extra step and significantly reduce the time for the preparation of the 
receptor. However, the synthesis was ineffective in the presence of either mild 
(K2 CO3) or strong (NaH) bases. Change of the solvent from acetonitrile to THF and 
then to a THF/DMF mixture did not affect the reaction. As a result, parent p-tert- 
butylcalix[4]arene and diphenyl urea were the only products of the reaction. This 
scenario was plausible given that diphenyl urea was present in the crude reaction 
mixture. C17 may decompose to give the latter as the final product. This was 
discussed in the literature166 and the main steps in the decomposition process are 
described as follows:
i) for aliphatic monosubstituted ureas (Eqns.32,33):
RNHCONH2 = * = &  RNH2 + NHCO (32)
RNHCONH2 RNCO + NH3 (33)
ii) for aliphatic disubstituted ureas (Eqn.34):
RNHCONHR RNH2 + RNCO, with R = C2H5 (34)
iii) for aromatic ureas (Eqn.35):
2 C6HsNHCONH2 = *= *=  C6H5NHCONHC6H5 + NHCO + NH3 (35)
3.1.6. Schiff base calix[4]arene derivatives
Aldehydes and ketones react with amino derivatives according to the mechanism
given below167. At first, the nucleophile joins to the polar 8+C=05' bond and the
intermediate rapidly regroups (Eqn.36):
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This is followed by protonation of oxygen and water elimination (Eqn.37):
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R NH — X + R NH — X R
\/ ►- *- Y=:N— X + H3CX
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(37)
Such attachment-elimination transformations, in which water is one of the products,
are called condensation reaction. The series can be divided into two categories
according to the number of molecules involved. This has already been noticed for 
1 ( «
Scheme 18 in which not only can the opposite moieties of one calix[4]arene 
molecule be joined together but the arms of different molecules as well. The former 
process is called [1 + 1 ] and the latter [2 + 2 ] condensation.
All the synthetic pathways employed in this series are shown in Scheme 21. Only 
commercially available dialdehydes were chosen for this Scheme to rationalise the 
overall costs. In general, C25 was prepared pursuing two aims i) to investigate 
complexation of this low-cost receptor with pesticides and ii) to assess the 
macrocyclic effect of C18 and C19. The initial amino derivative of calix[4]arene C12 
was prepared following the procedure mentioned before (Scheme 14) and then it was 
used as the stalling material for all syntheses in the section. The synthesis of C18 
consisted of a modification of a known reaction164. It was reported that only [2 + 2] 
condensation took place when terephthalic aldehyde was used. This statement was 
proved experimentally and C18 was obtained as the only product in Reaction I (30% 
yield). The structure of the receptor was fully characterised by *H NMR (Appendix 1, 
Fig.30), 13C NMR (Appendix 2, Fig.8) and Mass Spectrometry (Appendix 4, F ig.ll) 
techniques. Another issue in this series was the study of other dialdehydes in order to 
determine the type of condensation taking place in each case. Isophthalic aldehyde 
was expected to give a [1 + 1] product in the Synthesis II. This conclusion was based 
on the structural similarity of isophthalic aldehyde and isophaloyl diehloride. 
Contrary to the predicted outcome, C19 was obtained as the only product of [2 + 2] 
condensation, which was also proved by lU  NMR (Appendix 1, Fig.31), 13C NMR 
(Appendix 2, Fig.9) and Mass Spectrometry (Appendix 4, Fig.12). Yields and 
conditions of Reactions I and II were found to be similar to each other. Finally, the 
reaction of C12 with o-phthalic aldehyde was tested. Since the ortho position of the
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C20
Scheme 21.
Reagents and conditions: i) Et3N, terephthalic aldehyde, EtOH, 80°C, ii) Et3N, isophthalic 
aldehyde, EtOH, 80°C, iii) Et3N, o-phthalic aldehyde, EtOH, 80°C, iv) benzaldehyde, EtOH.
aldehyde groups was not preferable for the [2 + 2 ] product formation, the synthesis 
was expected to give C20 with no variations. Nevertheless, the presence of C20 was 
not determined in the reaction mixture after Stage HI. Instead, there were five 
different products, which were then separated by column chromatography. Two 
isolated compounds gave very well defined NMR spectra (Appendix 1, Fig.32, 
33) that together with other techniques allow the determination of their structures 
C20a and C20b shown below ( l3C NMR, Appendix 2, Fig.6,7; COSY and HETCOR 
NMR, Appendix 3, Fig, 1, 2,3; Mass Spectroscopy, Appendix 4, Fig.13, 14). C25 
was prepared under similar conditions to those reported for Stages I and II. The high 
yield (91%) and the purity of C25 together with its good solubility in a wide variety 
of solvents have met the demands for a prospective receptor.
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To sum up the section, none of the syntheses led to the proposed [1 + 1] 
condensations, yet [2 + 2] products were mainly obtained. Step III yielded two well- 
defined compounds instead of C20. C20a and C20b will not be included in further 
investigations as these were not deliberately targeted and then* yields were low (8% 
and 6% respectively). Nevertheless, the synthetic pathway will be taken into 
consideration for future work.
3.1.7. Reference compounds
Compounds C26 and C27 were prepared to check the macrocyclic effect of the 
ligands described above. Their structures are self-explanatory and represent a quarter 
of macrocyclic ligands with a functional group attached. Although C6 has somewhat
different structure, it was also considered as the reference compound. Both nitrogen 
atoms are directly attached to the aromatic rings. This makes the protons more acidic, 
which might be useful for comparative purposes. C26 and C27 were obtained from 
the reaction of 2-phenoxyethanamine with phenyl isocyanate and benzaldehyde 
respectively in quantitative yields of 97% and 98%. Both compounds were checked 
for interactions with pesticides and this will be discussed later on in this thesis.
3.1.8. Polymeric materials
The chemical immobilisation of macrocyclic compounds possessing selective 
properties toward certain species onto the surface of silica lead to materials with
C6 C26 C27
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important applications in various fields. These macrocycles are known to retain their 
recognition properties even when distributed within polymeric matrices. While 
calixarenes can only be used in liquid/liquid extraction technology, the solid polymers 
significantly widen the list of applications providing a no less efficient yet more 
environmentally friendly outcome. Therefore the goal of this experimental synthetic 
series was to evaluate the possibility of immobilising a chosen receptor in various 
substrates.
Although the preparation of the calixarene-silica bonded gels has been studied 
extensively90,168,169, modification of the receptor may lead to rather unpredictable 
variations in the synthetic pathway and therefore additional assessment is required, 
Introduction of the disubstituted calix[4]arene, C25, to the surface of silica using a 
conventional procedure for the calix[6]arene framework was a major challenge, 
Scheme 22. After activating silica gel with hydrochloric acid, the 3-glycidoxypropyl-
n
Scheme 22.
Reagents and conditions: i) Toluene, Et3N, N2, reflux; ii) Toluene, NaH, catalyst, reflux.
bonded stationary phase (C28) was prepared. This step proved to be effective after the 
elemental analysis of the sample was prepared and its weight gain was calculated 
(Experimental section 2.3). It was suggested that using a strong base such as sodium 
hydride acting jointly with a phase transfer catalyst would lead to higher bonded 
amount of the receptor to the silica surface. Nonetheless, this was clearly not the case 
when using disubstituted calix[4]arene framework. After rigorous washing of the 
resulting gel with various organic solvents the following elemental analysis did not
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show the presence of nitrogen in the composition. In addition, the carbon and the 
hydrogen content in the resulting material was similar' to that obtained for a spacer- 
bonded stationary phase. Experiments with other bases and phase transfer catalysts for 
obtaining the sodium salt of calix[4]arene free phenolic groups as precursor for 
further development of the reaction led to the similar negative results. This behaviour 
could be attributed to the highest conformational stability of the calix[4]arene 
framework with respect to higher calix[n]arenes (n = 5, 6, 7, 8). Therefore access to 
the phenolic groups of calix[4]arene is restricted by their inward direction in 
combination with shielding effect of the flexible diametrical substituents.
A further issue was addressed to the synthesis of calixarene-containing polymers, 
which exhibit the macrocycle moiety as an addition to the polymeric chain. Similar 
calixarene-based polymers have received great attention since recently and a number 
of materials have been prepared using both the upper97,170 and lower95,98 rim moieties 
of these macrocycles. These approaches however were based on specific 
fimctionalisation of the pendent arm-groups; These functional moieties are covalently 
bonded to the reciprocal parts of the readily available polymeric chain. This approach 
requires elaborate syntheses and often limited by availability of the pre-functionalised 
commercial polymers. For this reason, the main advantage of the method suggested in 
this work was its intriguing simplicity and applicability to a wide variety of similarly 
transformed moieties. In addition, this method allows us to consider a calixarene 
framework as a part of the polymer backbone, which was reported to be an advantage 
for the binding affinity toward targeted guests96. The scheme was firstly used by 
Blausius and co-workers108"111 for the polymerisation of dibenzo cryptands and crown 
ethers, whereas its applicability to calixarenes has yet to be assessed. The key feature 
of the method is the use of activated benzene rings of a polymeric subunit for joining 
these subunits into long polymeric chains. In this respect, functionality of the benzene 
rings does not play a substantial role in achieving the result. The procedure was tested 
using the macrocycle C25 (Sheme 23). In the polymerisation reaction, the role of 
linking agent was given to formaldehyde and foimic acid was employed as the 
catalyst. After purification, the resulting white solid (C32) underwent a series of tests 
to assess its physicochemical properties. Soon it was clear that the compound 
possesses different solubility and melting point to the original macrocycle. However, 
further characterisation of the novel material was restricted by these newly acquired 
qualities. While it was possible to obtain its !H NMR spectrum, Appendix 1, Fig.41,
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an accurate value for its melting point lied outside the range of the equipment in use 
(300°C). The compound was also hygroscopic and difficult to purify. Some of these 
disadvantages could be related to the interaction of the main calix[4]arene skeleton 
with formaldehyde. Thus, the major advantage of the method seemed to have some 
drawbacks with respect to calixarene-based macrocycles. As it has been mentioned
Scheme 23.
Reagents and conditions: i) HCOH, THF, HCOOH, stirring.
previously, phenolic groups at the lower rim might also be suitable for polymerisation 
of partiality substituted calixarenes. Similarly to previous synthesis, polymers created 
by using this technique have calixarene units as parts o f their backbone. While 
scarcity of calixarene-based polymers is partly due to the difficulty in preparing 
rationally designed monomers, the procedure shown below allows the use of any 
calixarene derivative possessing free phenolic groups. Therefore, a remarkable 
versatility could be achieved in creating materials, which are selective to specifically 
targeted guests. This is particularly valuable because many partially substituted 
calixarene-based hosts have already been proven to be effective extractants. As a 
result, this technique might put the application of these derivatives into practice. 
Graphical representation of the synthetic pathway is given in Scheme 24. A mixture 
of the macrocycle C25 and the linker Bisphenol-A was treated with excess of sodium 
hydride to obtain salts of all phenolic moieties in both the linker and the calix[4]arene. 
This was followed by the addition of dibromomethane and phase transfer catalyst to 
complete polymerisation. ]H NMR analysis confirmed the presence of calix[4]arene 
framework in the polymeric composition (Appendix 1, Fig.42). The resulting 
copolymer C30 was a white semicrystalline compound which has moderate solubility 
in chloroform. Calculated content of the calixarene appeared to be within the 24-40% 
range with respect to the bulk mass depending on the macrocycle/linker ratio. This 
variable range in composition was considered to be responsible for the wide melting 
point range (190-235°C).
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t-Bu
Scheme 24.
Reagents and conditions: i) NaH, THF, stirring, ii) BrCH2Br, 
Bu4NHS04, toluene, N2, reflux.
Lastly, attention has been paid to the solid state synthesis of the polymer-supported 
calixarenes. This option was chosen as an elegant attempt of narrowing down the 
number of synthetic stages for the manufacture of a commercial product. As an 
approach to solving this problem, it was considered potentially beneficial to use 
readily available functionalised resins. A  comprehensive selection of such polymers 
allowed to choose an aldehyde-based resin suitable for the accurate reproduction of 
the original structure of macrocycle C12 linked to a polystyrene backbone (Scheme 
25). This possibility is particularly advantageous as the direct comparison of two
Scheme 25.
Reagents and conditions: i) Et3N, CH2C12, stirring, 24h.
technological approaches for remediation of polluted water and soil are now available. 
Formylpolystyrene was employed to prepare calixarene-based polyimine, C31. Ease 
of workup, simple product isolation and minimal formation of a side product have 
already been mentioned as the most obvious advantages of the method. In this case it
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Figure 26.
Following up the polymerisation reaction between 
C12 and formylpolystyrene by UV spectroscopy.
2.00
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starting solution
was decided to follow the reaction 
by determining the concentration of 
calixarene amino derivative C12  in 
solution. As far as the amount of 
functional groups in the polymeric 
bulk vary in the certain range, this 
disubstituted calix[4]arene amine 
was taken in excess. The difference 
between the initial and actual 
concentrations gives a clear 
indication about the conversion
level. UV spectroscopy was employed for measuring these concentrations at certain 
time intervals (Fig.26). It was observed that the attachment of the calixarene to the 
resin went rather rapidly. Calculations demonstrated that approximately 50% of the 
aldehyde functional groups had interacted after 2 hours from the initiation of the 
reaction. Three horns later, the reaction was 75% completed. Further measurements 
suggested a steady decline in the rate of transformation. The highest ratio achieved in 
this experiment was 85% of the amount of overall aldehyde moieties. This quantity 
was calculated through the upper limit o f possible aldehyde content indicated by the
171manufacturer (0.40 -  0.80 mmol/g). Should the lower limit had been taken as 
reference, 98% of the reaction would have been completed. The eventual amount of 
the attached macrocycle was assessed by determining the content of nitrogen in the 
resulting polymer. Elemental analysis of the polymer (C31, Experimental Section, p. 
55) showed that the nitrogen content increased from 0.05% to 0.92%, which is 
equivalent to 0.33 mmol of the receptor R5 per gram of the polymeric matherial.
From the above discussion it follows that Supramolecular Chemistry provides a 
number of alternatives that are useful for the rational achievement of the result. The 
research strategy should also involve introductory physicochemical analyses of 
pollutants and prospective receptors in various media. As such, the behaviour of the 
pesticides in various media was examined through measurements of their solubility, 
speciation in different organic solvents as well as partition and distribution in binary 
organic solvent/water systems. This information has been used to assess the 
fundamental ability for complex formation between the “host” and the “guest” in 
various media and this is now discussed.
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3.2. Preliminary analyses and studies
The directional nature of hydrogen bond formation requires the design of receptors 
with specific shapes that are capable o f differentiating between anionic guests on the 
basis of complementarity. The synthesised receptors are neutral compounds which 
were prepared to bind anionic guests solely through hydrogen bonds. This particular 
feature allows expanding the application areas and recovering the receptor loaded 
with pesticides. Therefore the major criterion for a potential receptor is its ability to 
remove chlorinated phenoxy acids from water and soil. In addition, easier synthetic 
accessibility in combination with availability of starting materials is also an important 
factor in the final selection of receptors for the removal of pesticides. The pre-selected 
receptors can be divided into groups according to the functionality of their 
substituents. Therefore, Schiff bases (RI, R2 and R5), (thio)urea (R3 and R4), 
conformationally immobile (R6 and R7) and reference (rl-3) compounds form 
separate groups eminently suitable for further investigations (Table 6). The similarity 
of chemical structure among the group members allows an estimation of the 
macrocyclic effect of the calix[4]arene skeleton in addition to other interactions. 
Ultimately, the development of novel technological approaches for pesticides removal 
from water and soil based on the use of extracting agents requires knowledge 
regarding the solution chemistry of these compounds in water and in non-aqueous 
solvents.
3.2.1, Mutual solubility of solvents
While the solubility of organic compounds in selected solvents may be estimated from 
the “Like dissolves like” rule of thumb, more useful information is now available after 
a number of experimental series on solubility have been conducted. As an initial step, 
the mutual solubility of water and some organic solvents, which were extensively 
used in this work, was found in the literature172,173 (Table 7). The data were used 
further for the optimal choice of binary aqueous/organic solvent systems. This is an 
essential step for the first estimation of efficiency of a macrocyclic compound on 
extracting the targeted species. Thus, the extracting effect of the solvent and the 
macrocyclic receptor should not be confused but estimated separately in order to 
obtain reliable information on the extracting ability of the latter.
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Table 6.
List o f receptors and reference compounds used in this diesis.
JVo Name Acronym Structure F.W.
5,11,17,23-tetra-te/7-butyl-25,27-[N-( 1E)- 
C18 phenylmethylene-N-ethoxyamino]-26,28- 
dixydroxycalix[4]arene 1,4-dimer
R1 1666.30
5,11,17,23-tetra-tert -butyl-25,27-[N-( 1E)- 
C19 phenylmetiiylene-N-ethoxyamino]-26,28-
dixy droxy calix [4 ] arene 1,3-dimer
R2 1666.30
5,11,17,23-tetra-tert -butyl-25,27-bis {[(Ns- 
C23 phenylureido)ediyl] oxy}-26,28- 
dixydroxycalix[4]arene
R3 973.29
5,11,17,23-tetra-tert -butyl-25,27-bis {[(N’- 
C24 phenyldiioureido)etiiyl] oxy}-26,28-
dixydroxycalix[4]arene
R4 1004.42
5,11,17,23-tetra-te;T -butyl-25,27-[N-( 1E)- 
C25 phenylmethylene-N-ethoxyamino]-26,28-
dixy droxy calix [4] arene
R5 911.26
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Table 6 (Continuation).
JY» Ligand Acronym Structure F.W.
C22
Synthesis of 5,11,17,23-tetra-fe7? -butyl-25,27- 
[N-tetramethylene-bridged- 
bis(ureido)]ethyloxy -26,28- 
dixydroxycalix[4]arene
875.19
C21
Syntliesis of 5,11,17,23-tetra-te/Y -butyl-25,27- 
{benzene-1,3-diyelbis[2-(carbonyl- 
amino)ethoxy] }-26,28- 
dixydroxycalix[4] arene
C6 N,N'-diphenylurea rl
HN
HN'-'^O 212.25
C26 N-(2-phenoxyetliyl)-N'-phenylurea r2 HNHN-^ O 256.30
C27
N-(2-phenoxyethyl)-N-[( 1E)- 
phenylmethylene]amine r3 J 255.29
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Table 7.
Mutual solubility of water and some organic solvents at 298.15K172,173.
Media Solubility, mol/dm3
Solvent
h 2o c 6h I4 c 6h 5 c h 3 c h c i 3 c h 2 c i 2 C sH I7OH
h 2 o 1.28xl0"4 5.75x10° 6.37x10° 2.47x10° 4.15x10°
C 6H u 5.44xl0‘3 %
c 6h 5 c h 3 3.05x1 O'2
c h c i 3 4.00x10° IMMWi
c h 2 c i 2 1.33x10° I M
c 8h 17o h 2.55xl0+o
Table 8.
Solubility of the pesticides of interest in pure organic solvents at 298.15K5,174.
Solvent Solubility, mol/dm3
Pesticide
2,4,5-T 2,3,6-T 2(2,4,5)-T
c 6H14 (8.86±0.44)xl0° (3.39±0.03)xl0'4 (2.54±0.15)xl0'e
c 6h s c h 3 (1.23±0.01)xl0° (1.22±0.01)xl0° (4.72±0.02)xl0°
c h c i 3 (1.06±0.01)xl0° (2.32±0.01)xl0° (8.20±0.01)xl0°
ch2ci2 (2.00±0.01)xl0° (1.75±0.01)xl0° (8.69±0.04)xl0°
c 8h 17o h (4.25±0.24)xl0° (6.36±0.35)xl0° (1.52±0.02)xl0°
h 2o 5,174 1.09x10° 8.35x10° 2.63x10°
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Most of the solvents used in this investigation revealed rather low mutual solubility 
apart from the ELO/CsHnOH binary system. Although CsHnOH has low solubility in 
water, the latter dissolves in CsHjyOH fairly well. This effect was attributed to 
hydrogen bond formation between water and the alcohol. No matter how appealing 
the nature of such interactions might be, this finding was considered to be 
disadvantageous and further use of this solvent system for the above purposes has 
remained problematic. This difficulty is closely linked with the distribution of the 
species of interest within such a binary system in which the actual speciations present 
in each phase are uncertain.
3.2.2. Solubility of chlorophenoxy acids
Solubility data for the chlorophenoxy pesticides under investigation in CgHnOH, 
CH2 CI2 , CHCI3 , PI1CH3 and C6H14 at 298.15 K are reported in Table 8. Given that the 
calculation of the thermodynamic solubility constant requires the same composition of 
the solid in equilibrium with the saturated solution142, these data were used for the 
calculation of the standard Gibbs energy of solution, ASG°, and transfer, AtG°, from a 
reference solvent to another medium. Analyses of the original equilibrium mixture of 
the corresponding saturated solutions were carried out in triplicate. The data were 
derived from both spectroscopic and gravimetric techniques to provide cross- 
examination for each other. Solubility of pesticides in water at 298.15 K was found in 
the literature5,174. In cases where the data were not available at the standard 
temperature or for solubility data in water-saturated organic solvents, these were 
determined experimentally (Table 9). It is noteworthy that the data on the aqueous 
solubility of pesticides varies insignificantly with regard to their solubility in pure 
water. This can be related to both, accuracy of the methods used and generally low 
solubility of the organic solvents in water. Thus, the low concentration of organic 
solvent in the aqueous phase does not significantly alter the solubility value for these 
contaminants with respect to that in pure water.
A plot of solubility against the dielectric constant of the corresponding solvent is 
shown in Fig.27. As a general rule, the solubility revealed a raising tendency from 
solvents with the lowest dielectric constants toward those possessing higher 
permittivity. The lipophilic nature of the chlorophenoxy acids under investigation was 
confirmed by the significant differences observed in their solubilities in CgHnOH
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Table 9.
Solubility of the pesticides of interest in water saturated with various organic solvents at 298.15K.
Water sat. with Solubility, mol/dm3
Pesticide
2,4,5-T 2,3,6-T 2(2,4,5)-T
c 6h n (8.25±0.06)xl0‘4 (8.18±0.06)xl0'4 (6.15±0.04)xl0‘4
c 6h 5c h 3 (8.43±0.05)xl0'4 (7.86±0.06)xl0‘4 (6.78+0.04)xl0‘4
CHCl 3 (6.79±0.07)xl0*4 (8.28±0.07)xl0‘4 (5.67±0.02)xl0‘4
c h 2 c i 2 (9.38+0.1 l)x l0'4 (8.21±0.04)xl0'4 (7.51±0.03)xl0"4
C sH I7OH (9.49±0.21)xl0‘4 (1.05±0.08)xl0*3 (6.93±0.06)xl0"4
Table 10.
Solubility of die pesticides o f interest in organic solvents saturated widi water at 298.15K.
Solvent sat. Solubility, mol/dm3
Pesticide
2,4,5-T 2,3,6-T 2(2,4,5)-T
C 6H 14 (5.35±0.07)xl0‘s (3.28±0.04)xl0'3 (3.01±0.01)xl0'4
c 6h s c h 3 (1.51±0.04)xl0‘2 (1.56±0.07)xl0‘1 (6.34±0.44)xl0~3
c h c i3 (1.29±0.12)xl0"2 (2.51±0.02)xl0‘1 (8.16+0.1 l)x l0 '3
c h 2 c i 2 (2.02±0.22)xl0"2 (2.09+0.13)xl O'1 (8.49±0.88)xl0'3
c 8h 17o h (5.18±0.45)xl0'1 (6.83±0.12)xl0‘1 (l.lO+O.OfyxlO'1
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t a g -  Plot o f solubility o f chlorophenoxy
x  ^  acids against dielectric constant of
e B  w chosen organic solvents at 298.15K.
and water. This observation is consistent with earlier suggestions made on the 
structural basis. In connection with structural factors, the nature of the heteroatoms 
seems to be playing a substantially important role in the solubility. In this respect, the 
pesticide 2(2,4,5)-T possessing the longest and branchy side chain has the least 
solubility in CgHnOH. The controversy with “ like dissolves like” big thumb rule can 
only be addressed to the presence of heteroatoms in the side chain and their positions 
in the benzene ring. As it has already been mentioned, the position of substituents in 
the aromatic ring does influence the biological activity of phenoxy acids. This is also 
true for the solubility of the pesticides in various solvents. Apparently, the “2,3,6” 
order of the chlorine atoms in the benzene ring of chlorophenoxy acids is more 
favourable for their solubility than the “2,4,5” arrangement. The presence of oxygen 
atoms in the side chain of pesticides could also be connected with their lower 
solubility in various organic solvents.
It was expected though that the solubility in organic solvents saturated with water 
would not differ from those for the pure solvents. Small amounts of water in the 
organic phase might form hydrates with carboxylic acids. However, there is evidence 
indicating that the Gibbs energy of transfer is approximately equal to Gibbs energy of
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partition (AtG° = APG°)17? for solvents with low mutual solubility. Data on the 
solubility of pesticides in the water-saturated organic solvents, which were 
experimentally obtained in this work at 298.15K, are listed in Table 10. The results 
show that the solubility of chlorophenoxy acids is slightly higher in the water- 
saturated rather than in the corresponding pure solvents. In some instances though 
small discrepancies in the common trend are observed. Taking into account the scale 
of such measurements, this can be attributed to the accuracy of the experiments. The 
only case that cannot be explained by inaccuracy or limitations of the method is the 
solubility of 2(2,4,5)-T in CgHnOH. This is attributed to the high solubility of water 
in C8HnOH (2.55 mol/dm3).
Another interesting aspect of this experimental series is the dependence of solubility 
of the pesticides on the quantity of dissolved water in the organic phase. Should this 
suggestion be true, plotting the solubility of pesticides versus the amount of water in 
the corresponding solvents would show an increasing tendency. Otherwise a straight 
line that is parallel to the abscissa would represent the trend. A plot shown in Fig.28 
confirms the former assumption. This means that for experimental purposes the use of 
H2O/C6H14 or H2O/CHCI3 binary solvent systems is adopted since the mutual 
solubility of the organic and aqueous phases is low and the nature of the speciations 
can be thoroughly investigated.
Solubility o f vsater in corresponding *  
organic solvents, mol/dm3
Figure 28.
Relation between solubility o f the pesticides in saturated organic 
solvents and solubility o f water in corresponding solvents at 298.15K.
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3.2.3. Speciations in various media
3.2.3.I. Role of hydrogen bonding
Carboxylic acids are characterised by their ability of self-association via hydrogen 
bonds forming dimers or long polymeric chains. In protic solvents, the process of 
ionic dissociation of acids can be visualised as occurring with the intermediate 
formation of hydrogen bounded complexes. When an uncharged acid (HA) is 
dissolved in a protophilic solvent (S), the reaction can be assumed to proceed in three 
stages176 (Eqn.38):
i) An uncharged hydrogen-bonded complex is formed;
ii) Transition to a hydrogen-bonded ion pair characterised by partial proton transfer;
iii) Complete proton transfer with varying degrees of dissociation into free ions.
AH  + S —±->AH  — S —*->A - - H S *  + S H + (38)
The two intermediate hydrogen-bonded complexes are not detectable in aqueous 
solutions but may become the predominant species in aprotic media. On the other
hand, when a solvent is aprotic and thus unable of 
forming hydrogen bonds, hydrogen bonding among 
the solute species becomes prevalent in solution. In 
other words, in such media those solutes that are 
capable of hydrogen bond formation begin to 
“solvate” each other. Self-association of acids and 
phenols occurs through the formation of hydrogen
bonds of the OH-O type (Fig.29) and this process 
will be discussed in full in the Partition and 
Distribution Section.
Inert solvents are nonpolar aprotic liquids, usually characterized by veiy low (5 and 
less) dielectric constants. Hydrocarbons and halogenated hydrocarbons are typical 
examples of inert solvents. Nevertheless, the term “inert” as applied here is only 
relative. Benzene and others hydrocarbons are known to be n -  electron donors and 
can accept protons under drastic conditions (e.g., in liquid hydrochloric acid). 
Similarly, some hydrocarbons lose their hydrogens in strong basic media forming
o  HO
rA  >-r
O H  O
a
R
.O^ OH.
' " O y * " '  " " O y / O H "'
R R
Figure 29.
Dimers (a) and polymers (b) 
of carboxylic acids formed in 
aprotic solvents.
3.2.3.2. Inert solvents
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Clfl, (mol/dm3),/2
Figure 30.
Association of 2 ,4 ,5 -ti'ichlorophenoxyacetic acid 
in CHC13 at 298.15K.
carbocations143,177. However, leaving 
aside any extreme conditions, inert 
solvents reveal neither acidic nor 
basic properties in comparison with 
other solvents. Unfortunately, such 
inertness often means low solubility 
for the substances of interest and, 
consequently, even lesser 
concentration of free ions in solution. 
CHCI3, C6Hi4 and PhCH3 are
regarded as inert solvents. The molar conductance of solutions of 2,3,6-T, 2,4,5-T and 
2(2,4,5)-T in these solvents was measured (Appendix 5, Table2) as described in the 
Experimental section and plotted against the square root of ionic strength in 
consideration of Osanger equation (Eqn.39). The analytical shape of the curves was
A... = A ° - K (39)
straight line that is parallel to the concentration axis. Representative example for
2,4,5-T in CHCI3 is given in Fig.30. Invariable and veiy low values of the molar 
conductance within the whole range of concentrations indicate that complete 
association takes place in the given media. Considering the nature of solute, the 
predominant species in solution are most likely to be dimers.
3.2.3.3. Dipolar aprotic solvents
Dipolar aprotic solvents exhibit no appreciable tendency to participate in the transfer 
of protons but they are moderately good solvating and ionizing media due to their 
dipolar nature (dipole moments range from 2.7 D to 4.7 D) and their intermediate 
(from 20 up to 40) dielectric constants. Ketones, nitriles, amides, sulfoxides and nitro 
compounds are examples of dipolar aprotic liquids143,177.
Acetonitrile has an intermediate dielectric constant (36.6 at 298.15 K), a large dipole 
moment (3.84 D), very low basicity and negligible acidic properties. As in any solvent 
with even the slightest protophilic properties, acids in acetonitrile undergo measurable 
ionization followed by dissociation as shown in Eqns.40 and 41 respectively:
A H  +  C H 2C N -> C H ,C N H + - ‘A -(ionisation ) (40)
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C H 3C N + ‘••X- >CH 3C N + + A-(dissociation) (41)
Therefore, in the majority of cases the dissociation of an acid in acetonitrile is
governed by the equilibrium of 
dissociation as well as 
homoconjugation (Eqns.42 and 43). 
Simple dissociation scheme prevails 
only for picric and 2,6- 
dihydroxybenzoic acids, where 
homoconjugation is negligible.
Taking into account the information 
above, some degree of dissociation in 
the given media was expected. In 
practice, measurements (Appendix 5, Table 3) reveal the prevalence of associated 
species (Fig,31). At a glance, dissociation does take place at low concentrations of the
A H  + C H 3C N  » C H 3CNH  + • • • A - (42)
A -  + H A  > H A j (43)
pesticide in this solvent. Nevertheless, veiy small values of molar conductance with
reference to those for a free proton in acetonitrile (99 Sxcm2/mol at 298.15K) clearly
indicate that associates are the predominant species in solution.
3.2.3.4. Neutral amphiprotic solvents
Neutral (amphiprotic) solvents possess both acidic and basic properties; they can act 
either as proton donors or as proton acceptors, depending on the properties of the 
solute. The term “neutral amphiprotic” is generally referred to solvents whose acidic 
and basic strengths are roughly balanced and similar to those of water. Alcohols and, 
of course, water belong to this class. Any solute that increases concentration of H30+
ions in aqueous solution beyond its value in pure water (— 10*7 mol/dm3) acts as an 
acid143,177. The process of ionic dissociation of an acid is commonly represented as 
follows (Eqn.44):
AH + H 20 --- >H 30 + +A~ (44)
C1'2, (mol/dm3)1/2
Figure 31.
Association of 2,4,5-trichlorophenoxyacetic acid 
in MeCN at 298.15K.
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C , (mol/dm)
Figure 32.
Association of 2,4,5-trichlorophenoxyacetic acid 
in MeOH at 298.15K.
Structural similarities between 
alcohols and water allow assuming 
the speciation would be alike in both 
cases. This would allow the
replacement of H2O by MeOH or
EtOH when the solubility of
pesticides and/or receptors in aqueous 
media is low for experimental
purposes. With this purpose, molar 
conductances of solution of pesticides
(Appendix 5, Table 4) were plotted against square root of their concentration in 
MeOH. Unexpectedly, the shape of the curve was close to that one obtained from 
titration in acetonitrile (Fig.32). Therefore, adopting a similar pattern of reasoning, 
acidic pesticides were concluded to associate in the given media.
H2O was the final solvent to investigate the speciation of chlorophenoxy acids in it. 
This has particular importance since pesticides are extracted from their aqueous
solutions. Therefore the structure of a 
perspective receptor should be 
designed in coherence with the nature 
of speciation of these contaminants in 
this solvent. Unlike previous cases, 
the molar conductance (Appendix 5, 
Table 5) is characterised by a straight 
line with the intercept value of 319.61 
Sxcm2/mol (Fig.33). Despite the 
considerable degree of dissociation in
0.010 0.012 0.014 0.016 0.018 0.020
CI/2, (mol/dm3)1/2
Figure 33.
Partial dissociation of 2,4,5-trichlorophenoxy 
acetic acid in H20  at 298.15K.
diluted solutions, some association takes place at higher concentrations (calculated by 
means of KolrauslTs law dissociation degree, a, was equal to 75% at the highest 
concentration taken of 3.50x 1 O'4 mol/dm3).
In conclusion, these experiments demonstrate that in inert, dipolar* aprotic and neutral 
amphiprotic organic solvents, chlorophenoxy acids are mostly present as associated 
species or dimers. While considerable degree of dissociation is observed in H2O at 
lower concentrations, the ultimate approach should also take associated molecules
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into consideration. Therefore, the design of an effective receptor for these species 
includes both ionic and hydrogen bond sites of interaction. In addition, knowledge of 
the speciations in each phase is also required.
3.2.4. Distribution of chlorinated phenoxy acids in IkO/non-aqueous systems
The ratio of the equilibrium concentrations of a substance dissolved in a binary 
system consisting of two immiscible solvents has often been referred as distribution, 
D. Since the extraction of pesticides is originally tested in similar binary systems to 
estimate the efficiency of a receptor in use, the extracting ability of a receptor should
not be confused with that of an organic solvent. In other 
words, a series of such experiments ought to be carried 
out in advance to provide reliable information on the 
distribution of a guest between two phases in the absence 
of a receptor. Some disadvantage, however, is that these 
coefficients cannot tell the difference between various 
species in solution (Fig.34). For this reason, the amount 
of a given active component cannot simply be determined 
from these data. The distribution constant, Kd, referred to 
the process involving the transfer of ionic species from 
the aqueous to the organic phase, where association takes place. Therefore, an attempt 
to calculate the Kd taking into account the speciations in both phases of a given binary 
system was the major challenge in this series of experiments. This research was also a 
part of the research programme178 on the design of novel decontaminating agents 
based on calixarene derivatives for the removal of obsolete pesticides from 
ecosystems and as a follow up of previous work concerning partition and distribution 
of metal cation salts in FLO/non-aqueous systems145,179'181. The experimental Kd 
values in the mutually saturated solvents for the various pesticides are compared with 
corresponding data in the pure solvents derived from solubility measurements. In
doing calculations, data obtained for aqueous phase were corrected for ion-pair
formation while those in the organic solvent were corrected for dimerisation177. 
Chlorinated phenoxyacids 2,4,5-T, 2(2,4,5)-T and 2,3,6-T in a number of H^ O/non- 
aqueous systems were tested for distribution in absence of a ligand at 298.15 K 
(Appendix 6, Table 2). This information was used to derive the dimerisation, Kdim>
Organic phase
T T )
C+J
/v
W W U V W V
g!
; Aqueous phase 
Figure 34.
Partition in a binary water 
/aprotic solvent system.
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and distribution, IQ, constants referring to the process described in Eqns.45 and 46
e 1 ft')respectively . The mutual solubility data were used to chose the organic solvents
RCO O H (s) — > 1/2 ( (45)
RCOO;aq) + RCOOH  M (46)
(CH2CI2, CHCI3, PI1CH3, and C6H14), which chai*acterised by low aqueous solubility. 
The solubility of the above pesticides in these solvents is represented by Eqn.47. As it 
can be seen, the process reflects the equilibrium state between the solid (sol) and a 
saturated solution (s), in which molecules of the acid are fully associated. In addition, 
solubility data were corrected for the dimers content taking into account that the 
process demands that monomeric species predominate in solution.
RCOOH  (jo/)----- > RCOOH (s) (47)
These data were combined with the solubility product, K°sp, to derive the KT values 
for the process described in Eqn.46 but referred to the pure rather then mutually 
saturated solvents. The two sets of data, IQ and KT will be compared in order to 
confirm the validity of the proposed model as well as evaluate the effect of mutual 
solvent saturation. In both cases, equilibria data for the process defined by Eqns.46 
and 47 are referred to the standard state of 1 mol/dm3.
The overall distribution process in the H20/non-aqueous solvent systems represented 
in Eqn.48182 is the result of two individual processes given in Eqns.45 and 46:
2RCOO~{aq) + 2H (aq) RCOOH {s) + 1/2 (R C O O H ) 2{s) (48)
Therefore, the equilibrium constants for the processes given in Eqns.45, 46 and 48182 
were calculated as shown below:
[ (R C O O H ), ]"2
dim =  r (49)[R C O O H ] (S)
[R C O O H \s)
" i R c o o - ^ jH y ^ r l^  (50>
[R C O O H ],, . [(R C O O H ), ]^
" [H % q)[R C O O -fy m) <51)
UO
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In Eqns.50 and 51, y± stands for the mean molar activity coefficients of the ionic 
species in H2O. It is assumed, however, that at low concentrations, the activity 
coefficients of the neutral species in solution are approximately equal to unity. In 
summary, it follows that the overall equilibrium constant, KoV, can also be expressed 
through the combination of Kd and Kdim as shown in Eqn.52182.
K m =  X j j f t  (52)
In practice, distribution ratios, Dp, are used to determine equilibrium data for the 
individual steps involved in the overall process (Eqn.48) in the ELO/non-aqueous 
solvent system. These are calculated from the expression given below:
n [Pt\s)
p = w r ~  (53>
In Eqn.53 Pt denotes the total equilibrium concentration of overall pesticide species in 
the organic (s) and aqueous (aq) phases respectively. Therefore Dp can also be written 
in terms of the concentrations of each species in solution as shown in Eqn.54182:
[R C O O H ](s) + [ (R C O O H )2] (s)
[R C O O -]{aq)
Now, derivation of the concentrations of monomer, dimer and ionic species from 
Eqns.49 and 50 and their subsequent introduction into Eqn.54 gives the following 
expression (Eqn.55)182:
D p =  K d[R C O O  ~ ] {aq)y ±(aq) +  2 K * m K ] [ RCOO ff\aq)y 3±(aq) (55)
This can be rearranged in the form given in Eqn.56182:
D
[R C O O ~\ aq)y±{aq)
= K d +2 K l mK ] [R C O O - f {aq)y l{aq) (56)
As a result, a plot of Dp/[RCOO'](aq)y±(aq) against [RCOO']2(aq)y2±(aq) should give a
straight line of slope 2K2dimK2d and an intercept Kd. Kdim can be calculated from the 
simultaneous equation that includes both, the slope and intercept expressions. Finally, 
Kov can be derived using Eqn.52.
A plot representing the above derivations for 2,4,5-T in different solvent systems is 
shown in Fig.35. Linear relationships observed for the entire measures demonstrate
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i  8.0E+04y
CH2C12
R = 0.9999
0.0E+00
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[RCOO
Figure 35.
Distribution of 2,4,5-T in different water/organic 
solvent systems at 298.15 K.
that the suggestion made and 
expressed through Eqn.56 were
explicitly correct for various binary
systems. In connection with this 
observation, values of the
dimerisation, Kdim and distribution, 
Kd, constants as well as the constant 
for overall process, KoV, were
withdrawn for 2,4,5-T, 2,3,6-T and 
2(2,4,5)-T and these are shown in
4.80
8.93
Table 11 in terms of logarithms. The extended Debye-Huckel equation183 was used to 
calculate the mean molar activity coefficients, y±, for the dissociated species in H2O. 
Ionic size parameters were estimated for these calculations on the basis of structural
similarity between the anions under 
investigation and the species with 
known dimensions. While some 
deviations in the ion size parameters 
took place, eventual variations of the 
molar activity coefficient, y±, were 
insignificant. The dissociation 
constants of 2,4,5-T, 2(2,4,5)-T and
2,3,6-T in H2O at the standard 
temperature have been reported in the 
literature184,185. Therefore, the 
concentration range at which ions or 
ion-pairs predominate in solution can 
also be calculated and solubility data 
in H2O were corrected for association 
using the Ka values given in Table 
12.
After obtaining the experimental data, 
it was confirmed that the dimerisation 
constants in a binary solvent system
4.80
8.93
Figure 36.
Dependence of Kdim (a) and IQ (b) from the 
dielectric constant of the organic solvents at 
298.15 K.
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Table 12.
Calculated parameters of the dissociation process for aqueous solutions of pesticides at 298.15K.
Pesticide Association Constants and Solubility Product
Aqueous solubility 5'174, mol/dm 3 Ka a, A K°sP
2,4,5-T 1.09x10° 6.72x10+2 5.10 5.13x10°
2(2,4,5)-T 2.63x10° 6.92xl0+2 5.30 2.82x10°
2,3,6-T 8.35x10° 5.01xl0+3 5.10 1 .0 2 x1 0 °
Table 13.
Experimentally obtained and calculated distribution and dimerisation parameters in various 
water/organic solvent systems at 298.15K.
Pesticide Dimerisation and Distribution Coefficients
c h 2c i 2
Solubility, 
mol/dm 3
LogK dim
[monomer ],
3 LogK 'd
mol/dm
LogKd
2,4,5-T 2 .0 0 x1 0 ° 1.51 Solvate formation 4.69
2,3,6-T 1.75x10° 1.42 Solvate formation 4.28
2(2,4,5)-T 8.69x10° 1.93 Solvate formation 4.67
CHC13
2,4,5-T 1.06x10° 1 . 2 1 Solvate formation 4.46
2,3,6-T 2.32x10° 1 . 2 1 Solvate formation 4.84
2(2,4,5)-T 8 .2 0 x1 0 ° 2.42 Solvate formation 4.84
PhCH3
2,4,5-T 1.23x10° 1.85 9.42x10° 4.10 3.63
2,3,6-T 1 .2 2 x 1 0 ° 1.73 1 .1 1 x1 0 ° 4.63 4.15
2(2,4,5)-T 4.72x10° 2.75 3.08x10° 4.36 4.05
c 6H14
2,4,5-T 8 .8 6 x 1 0 ° 3.00 8.31x10° 2.24 2.47
2,3,6-T 3.39x10° 1.97 2.87x10° 4.44 4.08
2(2,4,5)-T 2.54x10° 3.06 1.67x10° 3.88 3.56
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and the permittivity of the organic phase oppose each other (Fig.36a). This finding is 
in accord with the proposed behaviour of the pesticides in the given systems. Solvents 
characterized by very low dielectric constants, such as CeHn, actively promote 
hydrogen bond formation between acidic species and, therefore, dimerisation of the 
latter. However, the opposite tendency is found for the distribution constants, 
(Fig.36b). This is mostly related to the solubility of the pesticides in the 
corresponding organic solvents. The higher the solubility of a pesticide in the organic 
phase is, the higher the amount of pesticide is transferred from H2O to the organic 
phase. Although several factors are responsible for the process as a whole, it was 
safely assumed that the permittivity of the organic phase is the factor, which the 
distribution can be mostly related to. It should also be noted that the values for 
the dielectric constants of the solvents used in these Figures are referred to the pure 
rather than to the H2O saturated solvent. This assumption was safely adopted after 
thorough examination of the mutual solubility of H2O and the organic solvents in use 
(Table 7). Only binary solvent systems possessing low mutual solubility of their 
aqueous and organic phases were chosen186.
Combination of solubility data in the nonaqueous solvent and the solubility product in 
H2O leads to the calculation of distribution constants, K’d, (Eqn.57) of these 
compounds in H20/non-aqueous solvent systems182.
. [RCOOH]^
" VRCOO-\aq)[H*\aq)r l{aq)K U  v 7
These data are also included in Table 13. The major difference between Kd (Eqn.50) 
and K’d (Eqn.57) is that in the former process, both solvents are mutually saturated 
while the latter is referred to the pure solvents. Nonetheless, it was expected that 
deviations between the experimental and calculated values would be within the 
experimental error since only the binary systems with low mutual solubility of their 
components were initially chosen. Comparison of the two data sets confirmed this 
hypothesis and therefore the validity of the computational method was fully 
corroborated.
3.2.5. Solubility of receptors
The functionalised calix[4]arene derivatives, which were chosen as promising 
receptors for the given contaminants, underwent the solubility check in order to make
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the ultimate choice of binary FLO/organic solvent system for further extraction 
experiments. This experimental series involved even greater selection of various 
organic solvents although in some instances they were shown to have very high 
solubility in H2O and therefore could not be used as an organic phase for extraction. 
These data, however, were used in calculations of standard solution, ASG°, and 
transfer, AtG°, Gibbs energies for estimating specific solute-solvent interactions. This 
information is particularly important in the interpretation of binding processes as well 
as for the choice of a solvent for recrystallisation.
Although parent calixarenes are characterized by their low aqueous solubility and 
have limited solubility in organic solvents23,118, their functionalised analogous reveal a 
diversity of choice. On the whole, the introduction of long-chain alkyl187, esters, 
ethers188 and some other groups either to the upper or the lower rim increases the 
solubility of the macrocycles in organic solvents. On the other hand, the addition of 
carboxyl66,189, amino and sulfonic190,191 groups dramatically improves the aqueous 
solubility of calixarenes. While it is difficult to list even a fraction of possible 
substituents and their influence on the solubility of calixarenes, the golden rule “like 
dissolves like” usually helps. Nevertheless, these macrocycles also possess 
hydrophobic and hydrophilic cavities, which are directly responsible for their unusual 
solvation behaviour. This distinctive property of calixarenes generally complicates the 
prediction of their other physico-chemical properties.
A rough estimation for (thio)urea and imine calix [4] arene derivatives was that the 
former might have a noteworthy H2O solubility whereas the latter would be better 
soluble in polar organic solvents. The presence of sulfur atoms in a molecule usually 
decreases its solubility in organic solvents. In practice, however, the solubility pattern 
seems to be a lot more complicated. A plot of solubility of some synthesised receptors 
against dielectric constants of the most common solvents used in this work is shown 
in Fig.37. Although no particular fiend in solubility of the receptors was found, some 
interesting correlations between solubility on the whole and the nature of solvent were 
disclosed. For instance, the solubility in H2O of the receptors was extremely low. 
Even the solubility of the most H2O soluble receptor, R3, was found to be around IO'5 
mol/dm3, whereas for its thiourea analogous, R4, the solubility value was on the verge
of the detection limits 10'7 mol/dm3) at 298,15K (Table 14). Receptor R5 has 
negligible aqueous solubility to an extent that could not be detected by any of the
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Figure 37.
Solubility of receptors R1-5 in various solvents listed in the 
order of increasing their dielectric constants at 298.15K.
conventional methods in use. In addition, R5 was considerably soluble in C6H14 
(1,91x10' mol/dm ) unlike other receptors whose solubilities in this solvent were at 
least hundred times lower. This finding was admitted to be potentially beneficial for 
further extraction purposes either in solution or in the solid state. Thus, R5 was 
selected for closer examination. Dimeric calix[4]arene structures revealed very low 
solubility in almost every solvent in use and particularly in H20. Being structural 
isomers with a single difference in the position of substituents in the linker benzene 
ring (meta and para positions for RI and R2 respectively) these two receptors reveal 
significant differences in their physical properties. In general, the meta isomer RI is 
more soluble and possesses a lower melting point than R2. This is attributed to the 
stronger repulsion between the moieties in the structure of RI that made this receptor 
more interactive than RI.
The highest solubilities of these receptors were found in solvents such as THF, DMF, 
CHCI3, DCM and, to some extent, PhCH3. DMF has basic character and therefore 
interacts strongly with urea (R3) and thiourea (R4) calix[4]arene derivatives, which 
possess weak acidic characteristics due to the urea protons. The stronger electron 
withdrawing effect of the oxygen atom with respect to sulfur may partially explain the
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higher solubility of R3 in DMF. Similar reasoning might be involved in the discussion 
of a solvent such as THF in which R3-5 are highly soluble. The basicity and the 
polarity of THF provide the favorable conditions for the solvation of these receptors. 
CHCI3 and DCM are neutral aprotic solvents, which have significant dipolar moment 
(1.63 D and 1.43 D respectively). They are known to penetrate into the hydrophobic 
cavity of calixarenes and form adducts with these macrocycles. Such phenomenon is 
related to the fact that CHCI3 has no attraction by polar groups held in any molecule. 
Thus, hydrophobic substances tend to be characterised by decreasing entropies192, 
with the non polar groups dipped into the bulk. The presence of a number of lipophilic 
segments in the bulk of the macrocycles makes these solvents particularly good 
solvators for the given receptors. PI1CH3, on the other hand, usually provides a 
suitable medium for these compounds due to the capability to provide 7t- tc interactions 
through its aromatic conjugated system. This is the reason why it was so unusual to 
find that while possessing the same number of benzene rings with respect to other 
macrocycles, receptor R5 has such a high solubility in this solvent. In addition, 
receptor R2 is characterised by a higher solubility in PI1CH3 (4.60x1 O'3 mol/dm3) than 
that in DMF (1.28xl0‘3 mol/dm3). Since phenol-derived calixarenes are known to 
form inclusion complexes with benzene and PI1CH3193, this phenomenon may be 
explained on the basis of a better structural complementarity between the host (R5 or 
R2) and the guest (PI1CH3).
Even though many factors affect such processes as crystallisation or liquid/liquid 
extraction, strong interactions between the receptors Rl-5 and THF, DMF and PhCH3 
were considered as disadvantageous. This conclusion is due to the fact that the 
solvents tend to compete with any guests for interaction with the receptors. 
Alternatively, CHCI3 and DCM promotes hydrogen bonds and may favour 
interactions with neutral species. This delicate balance was then left to be resolved 
experimentally in further sections. Neutral protic solvents and C6H14 were then used 
for most crystallisation and extraction processes.
3.2.6. Standard Gibbs energies of solution
3.2.6.I. Pesticides
The solvation changes, which a compound undergoes when transferring from one 
solvent to another, are quantitatively evaluated by their transfer Gibbs energy data
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from a reference solvent to another medium. As previously stated, the solubility of 
chlorinated phenoxy acids is referred to the process described in Eqn.49. Provided 
that no solvate formation is observed, the standard Gibbs energy of solution, ASG°, is 
calculated at 298.15 K in different solvents using the following expression (Eqn.58):
A SG ° = -R T  In S(s) (58)
In this equation, S denotes solubility (the equilibrium concentration of a compound in 
the solid state with its saturated solution (s) at a given temperature) on the molar scale. 
As it was shown earlier in this work, pesticides are present as associated species in 
most organic solvents, whereas in H2O significant dissociation takes place. As such, 
the solubility, S, in Eqn. 58 should be replaced by the solubility product, K°sp, for any 
solution of electrolyte. The expression for the calculation of K°sp is given in Eqn.59.
K  = c fr l  (59)
where y± stands for mean activity coefficient on the molar scale and c, is the ionic 
concentration (mol/dm3). This activity coefficient can be assumed to be equal to unity 
when veiy low solubility values are involved in the calculations. Otheiwise, the
1 QI
extended Debye-Htickel equation was used to calculate y± for the dissociated 
species in H2O (Eqn.60):
. Az-,z2‘\J~I
± = T + W T  (60)
The denominator represents the long-range interatomic interactions and may be
omitted with regard to moderately diluted solutions to give the limited Debye-
Hiickel183 equation (Eqn.61):
logy± = -A z xz2ft l  (61)
where z\ and Z2 are the charges of the cation and the anion respectively, I  is the ionic
strength of the solution (mol/dm3), a is the ion size parameter (m) and A and B are
coefficients which were estimated through Eqns.62 and 63.
, 1.8246xl06
A = ~ ^ r ~  (62)
„ 5.0291x10*
(63)
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As far as the chlorophenoxy acids under investigation are concerned, these 
compounds are referred to monovalent ionic species in solution. Therefore, the ionic
for ion pair formation. For the first iteration, the mean molar activity coefficient was 
calculated on the assumption that the ionic concentration was 10% of the aqueous 
solubility of the pesticide. Using this calculated value of activity coefficient, the ionic 
concentration, c/, was calculated through Eqn.64:
In this equation, Ka is the association constant of the chlorophenoxy acid and ct is
was immediately used to calculate the activity coefficient in the next iteration. 
Iterations were being made until constant values of y± and ct were obtained. These 
values were used for the calculation of K°sp (Eqn.59).
The standard Gibbs energies of solution, ASG°, in H20 and most common organic 
solvents are listed in the Table 15. Since for a given pesticide, the contribution of the 
crystal lattice to the ASG° value is the same, the variation observed in the solution 
Gibbs energies results from the difference in the solvation of the pesticides in these 
solvents. Therefore, for the chlorinated phenoxy acids under investigation, the 
observed ASG° values reflect the following sequences in terms of solvation:
2.4.5-T: C8H17OH > PhCH3 > C6Hi4;
2.3.6-T: C8Hi7OH > PhCH3 > C6H14;
2(2,4,5)-T: C8Hi7OH > PhCH3 > C6Hi4.
As it can be seen, the strongest interactions take place between molecules of C8Hi7OH 
and the given pesticides. Therefore, CgHm and PhCH3 are the more preferable 
solvents for liquid/liquid extraction experiments.
3.2.6.2. Receptors
Transfer parameters from one medium to another are more informative for 
macrocyclic compounds rather than for other molecules. The hydrophobic and 
hydrophilic regions that these molecules possess make solute-solvent interactions 
even more specific and unpredictable116,118. Calculation of standard Gibbs energies of 
solution for receptors RI-5 was rather straightforward. The reason for that is the
strength is equal to the molar concentration. In addition, solubility data are corrected
(64)
solubility of this pesticide in solution (mol/dm3). This value of ionic concentration
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Table 15.
Standard Gibbs energies of solution of pesticides in various solvents at 298.15 K.
Solvent ASG°, kJ/mol
Pesticide
2,4,5-T 2,3,6-T 2(2,4,5)-T
C 6H I4 24.42+0.03 14.21+0.01 20.13+0.02
c 6h 5c h 3 10.41±0.01 4.60+0.01 12.50+0.03
c h c i3 Solvate formation
c h 2c i2 Solvate formation
c 8h ,7o h 1.63+0.02 0.95+0.01 5.42+0.02
h 2o 35.94+0.04 39.93+0.05 43.1+0.05
Table 16.
Standard Gibbs energies of solution of receptors in various solvents at 298.15 K.
Solvent AsG°, kJ/mol
Receptor
s  146,174 R1 R2 R3 R4 R5
C 6H J4 1.90 33.24+0.01 28.48+0.02 19.61+0.04 22.31+0.02 9.81+0.01
c 6h 5c h 3 2.40 Solvate formation
c h c i3 4.80 Solvate formation
THF 7.52 Solvate formation
CH 2C l2 9.10 Solvate formation
c 8h 17o h 10.30 19.50+0.02 21.76+0.02 11.10+0.01 17.12+0.05 11.49+0.02
c h 3o h 33.00 30.74+0.03 26.58+0.02 16.05+0.03 21.23+0.03 15.75+0.02
c h 3c n 38.80 18.00+0.02 21.99+0.03 13.23+0.02 17.68+0.04 12.56+0.01
DM F 38.30 9.35+0.01 16.59+0.02 Solvate formation 6.93+0.01
h 2o 80.40 34.99+0.05 33.87+0.04 27.56+0.03 36.29+0.03 Undetect.
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receptors were non-electrolytes and did not dissociate in any solvent. The activity 
coefficients were considered to be close to unity and therefore the calculation 
procedure was significantly simplified. Solvate formation was checked for all the 
solvents in the list without exception to ensure that the composition of the solid in 
equilibrium with its saturated solution was the same. Results of the calculations are 
shown in Table 16.
Standard Gibbs energies of transfer, AtG°, were also calculated. These refer to the 
changes in solvation of the receptors from one medium to another, Eqn.65:
+ , )  K' (65)
Therefore, the thermodynamic transfer constant, Kt, is given by Eqn.66:
K, (66)
Thus, the Kt value was obtained from the solubility ratio of the given receptor, R, in 
two different solvents. Consequently, the transfer Gibbs energy can be calculated 
from Eqn.67:
A,G* = - R T ln K ,  = A , G ^  -  A/%, (67)
Combination of the Gibbs energies of solution in two different solvents allows the 
calculation of the transfer parameters. Taking acetonitrile as the reference solvent, 
AtG° and Kt to various solvents were calculated and listed in Tables 17 and 18 
respectively. The transfer of these receptors from one solvent to another changes the 
solid-solute equilibrium in a selective manner with the following sequence:
RI: DMF > MeCN> C8Hi7OH >MeOH> C6H14 >H20;
R2: DMF> C8H17OH > MeCN > MeOH > C6H14 > H20;
R3: C8Hi7OH > MeCN > MeOH > C6Hi4 > H20;
R4: C8Hi7OH > MeCN > MeOH> C6HM > H20;
R5: DMF> C6H14 > C8H17OH > MeCN > MeOH.
In summary, transfer Gibbs energies provide a quantitative measure of the differences 
in solvation of a receptor in two selected solvents. While these data are good reporters 
of specific solute-solvent interactions, they do not provide any information regarding 
the sites of interactions between species of interest. As such, these measurements 
should be supported by other methods in an attempt to assess the factors, which 
contribute to the complexation of receptors with chlorophenoxy acids and these 
techniques will now be discussed.
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Table 17.
Standard Gibbs energies of transfer of receptors from acetonitrile to various solvents at 298.15 K .
Solvent AtG°, kJ/mol
Receptor
s  146,174 R l R2 R3 R4 R5
c 6H 14 1.90 1.52xl0+l 6.49x10+° 6.37xl0+° 4.63xl0+° -2.76x10+°
c 6h 5c h 3 2.40 Solvate formation
c h c i3 4.80 Solvate formation
THF 7.52 Solvate formation
CH 2C l2 9.10 Solvate formation
c sh 17o h 10.30 1.50xl0+° -2.30x10° -2.13xl0+° -5.61x10° -1.07xl0+°
c h 3o h 33.00 1.27xl0+1 4.59xl0+° 2.81xl0+° 3.55xl0+° 3.18X1040
c h 3c n 38.80 0 .0 0 x1 0 +° O.OOxlO40 0.00x10+° 0.00x10+° O.OOxlO* 0
D M F 38.30 -8.65x10+° -5.40x 10+° Solvate formation -5.64x10+°
h 2o 80.40 1.70xl0+l L19xlO+1 1.43xl0+1 1.86xl0+1 Undetect.
Table 18.
Transfer constants of receptors from acetonitrile to various solvents at 298.15 K .
Solvent Kt
Receptor
146,174 R l R2 R3 R4 R5
c 6h I4 1.90 2.14x10° 7.29x10° 7.64x10° 1.55x10° 3.04x10'°
c 6h 5c h 3 2.40 Solvate formation
c h c i3 4.80 Solvate formation
THF 7.52 Solvate formation
CH 2C l2 9.10 Solvate formation
C sH I7OH 10.30 5.47x10° 1.10xl0+° 2.36xl0+° 1.25xlO+0 1.54xlO+0
c h 3o h 33.00 5.86x10° 1.57x10° 3.22x10° 2.39x10° 2.77x10°
CH 3 CN 38.80 1 .0 0 x l0 +° 1 .0 0 x l0 +° 1 .0 0 x l0 +° 1 .0 0 x l0 +° 1 .0 0 x l0 +o
D M F 38.30 3.28xl0+t 8.83x 10+o Solvate formation 9.71xlO+0
h 2o 80.40 1.06x10° 8.29x10° 3.09x10° 5.50x10° Undetect.
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3.3. Complexation studies
Several techniques were used to study the binding of the pesticides by the selected 
receptors. Each method provides complementary and explicit sets of data which help 
to obtain a detailed picture of the complexation process. jH NMR measurements were 
primarily carried out with the aim of identifying the interactions and bring to light 
information regarding the sites of host-guest attraction. Considering the neutral nature 
of the compounds under investigation, UV spectroscopy was considered to be 
particularly useful in determining the stoichiometry and the strength of the binding 
process. Finally, colorimetric studies provide very accurate values of the stability 
constants and enthalpies associated with these supramolecular interactions. Being 
combined together, these data allow the calculation of other thermodynamic 
parameters such as the Gibbs energy and the entropy of complexation.
3.3.1. *H NMR studies on interaction of Rl-7 with various pesticides
To investigate the complexation process, 14 different pesticides were taken into 
consideration (Table 19). While these pesticides represent various chemical classes, 
they also belong to the family of obsolete chemicals and therefore attract special 
attention. Once these were checked for interaction with the above receptors, a 
comprehensive set of data on corresponding chemical shifts were collected and 
assessed. Hereinafter a detailed analysis of the complexation behaviour of selected 
calix[4]arene-based receptors Rl-7 modified at the lower rim is given. *H NMR 
studies of free receptors and their complexes with various obsolete pesticides in 
different solvents have provided valuable information on the conformational 
behaviour of the hosts, sites of interactions and, to some extent, on the strength of 
complexation. Having said that it is necessary to emphasise that in the absence of the 
binding partner, chemical shifts of the protons of macrocycles were not concentration 
dependent. Therefore, changes in the chemical shifts on addition of a guest were 
solely attributed to noncovalent interactions. Depending on the nature of the guest 
species, the binding ability of these receptors was assessed in CDCI3 , DMSO-d6 and 
DMF-d7. The initial use of an inert solvent such as CDCI3 was considered to promote 
hydrogen bonding and electrostatic interactions. However, poor solubility of some 
substrates required the use of more polar solvents. If this was the case, DMSO-de and 
DMF-d7 were used for this purpose. In some instances it was possible to perform 
experiments in both polar and nonpolar media and to estimate the effect of solvent
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Table 19.
List of pesticides used in this thesis.
JV2 Name Acronym Structure F.W.
P I 2,4,5-trichlorophenoxyacetic acid 2,4,5T C\—f  ''y--O O
Cl OH
255.48
P2 2,3,6-trichlorophenylacetic acid 2,3,6T
Cl cy~
■OH 239.48
P3
2-(2,4,5-trichlorophenoxy)propionic
acid 2,2,4,ST
Cl
Cl—f \ —o o
x n .
269.51
P4 pentachlorophenol PC P
OH
X
Cl
Ci 266.34
PS pentachloronitrobenzene PCNB
NO
c A r
Cl
Cl
295.34
P6 y-hexachlorocycloxhexane y-HCH, lindane
Cl
Y r
Cl
Cl 290.83
P7 a-hexachlorocycloxhexane a-HCH
Cl
Y x '
Cl
Cl
Cl 290.83
P8 2-chloro-4,6 -diamino-1,3,5-triazine triazine
NH,
N-^N
HjN'^ 'N1'^ Cl
145.55
P9 dieldrin dieldrin
Ck
0—7---S f
✓°Cl
wCI 367.00
X
P10
methyl- l-(butylcarbamoyl)-2 - 
benzimidazolecarbamate benomyl
O x x , , 290.32
P l l a-endosulfan a-endosulfan
Ck
Cl
406.93
P12 azinphos-ethyl azinphos-ethyl
O
^  N
sI
A
345.38
P13
o,o-dimethyl-o-(4-nitrophenyl)-
phosphorotliioatemethylparatliione parathion-methyl
O
H j P Y  ° 263.21
P14
2,4,5-trichlorophenoxyacetic acid 
sodium salt 2,4,5Na Cl
° w °
ONa
277.46
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polarity. Anionic substrates were studied as their sodium salts. This was forestalled by 
preliminary experiments aiming to control that the counter-ion did not participate in 
the overall binding process. The complexation abilities o f reference compounds rl-3 
were also explored and reported.
33.1.1. Conformational behaviour of receptors Rl-5
The 'H NMR spectra o f the symmetrically-functionalised calix[4]arenes are relatively 
uncomplicated as illustrated in Fig38 for receptor R4. Chemical shifts (5 ppm) o f the
‘H NMR spectrum of the receptor R4 in CDC13 at 298K.
proton resonance signals for the receptor in CDCft at 298K are fully listed in Table 
25. As such, a pair o f doublets within the 3 to 5 ppm range has a particular meaning in 
the characterisation o f these macrocycles and this is generally the most useful part of 
the spectrum. While the higher field doublet is assigned to the equa toria l protons 
directed toward the upper rim, the lower field doublet represents the axia l protons 
which are closer to the hydrophilic cavity. The difference in magnitude between the 
chemical shifts o f equatoria l and axia l protons (A6eq.-ax. ppm) indicates the relative 
orientation o f the aryl rings with respect to each other or, in other words, the 
conform ation  of the calix[4]arene framework under given conditions.
These A6eq.-ax. values are also solvent-dependent and are generally larger in polar 
solvents than in nonpolar ones. In general, it is possible to differentiate between three 
significantly different conformations that are given as follows (CDCI3 , 298K):
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•  Cone: A6eq.-ax. = 0.9 ± 0.2 ppm;
• Flattened cone: ASeq.-ax. = 0.5 ± 0.1 ppm;
• Distorted cone: A6eq.-ax. = 0 ppm.
The degree of such mobility varies from one derivative to another depending on many 
factors. Intramolecular hydrogen bonds, size and position of functional groups are a 
few of the most obvious features which affect the conformational behaviour of the 
calix[4]arene skeleton although not necessarily in the expected manner. It was 
considered convenient that receptors Rl-3 and R5 were fixed in nearly perfect cone 
conformations in their free state (Fig.39). This underlines the mutual orientation of
2245T
Pesticide
Figure 39.
Conformational behaviour of the calix[4]arene framework 
on complexation with pesticides in CDC13 at 298K.
the functional groups and therefore enhances the attractiveness of these macrocycles 
for further syntheses. It is also useful from the comparative point of view to have 
receptors with similar conformations as there are direct correlations between the latter 
and the physico-chemical properties of the calix[4]arenes. The higher field resonance 
signals at 3.327, 3.271, 3.439, 3.276 and 3.283 ppm for the ligands Rl,2,3,4 and 5 
respectively are assigned to the equatorial or exo protons while those in the lower 
field at 4.361, 4.278, 4.251, 3.836 and 4.322 ppm for the same ligands are assigned to 
the axial or endo proton. Therefore, the difference in chemical shifts, A5eq.-ax., between 
the higher and lower field signals are of 1.039, 1.007, 0.812, and 1.039 ppm for the 
receptors Rl, 2, 3 and 5 respectively. These values are not far from the A6eq.-ax. of 0.90
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ppm assigned by Gutsche23 to a calix[4]arene in its perfect “cone” conformation. 
Upon interaction with chlorophenoxy acids, significant conformational changes occur 
by the addition of 2,4,5-T to receptors Rl,2 and 5. In fact, the shift differences 
between the pair of doublets decrease from the free receptor to its complex (0.373 
ppm for RI, 0.286 ppm for R2 and 0.403 ppm for R5). Similar decreases in chemical 
shifts are also observed by the addition of 2,3,6-T and 2(2,4,5)-T to the receptor R5. 
These changes indicate that the hydrophobic cavity is adopting a flattened cone 
conformation as the pendent arms are moving closer together to interact with the 
chlorophenoxy acids as the guests. Surprisingly, this is not the case for the receptors 
RI and R2. These macrocycles remain structurally undisturbed and no changes in the 
conformation are observed on the addition of 2,3,6-T and 2(2,4,5)-T. This might be 
attributed to either i) a low structural mobility of these receptors or ii) the lack of 
complementarity between these hosts and guests.
Receptors R3 and R4, however, reveal complete conformational immobility and adopt 
correspondingly “cone” and “flattened cone” conformations regardless of the 
presence of guest species. The differences between the resonance signals of the exo 
and endo protons are 0.812 and 0.560 ppm for R4 and R5 respectively. These values 
vaiy insignificantly when a guest is added (for R4 A6 are 0.709, 0778, 0.728 ppm and 
AS for R5 are 0.552, 0.640, 0.561 ppm on addition of 2,4,5-T, 2,3,6-T and 2(2,4,5)-T 
respectively) and are not considered as conformational changes. This observation was 
immediately attributed to the intramolecular hydrogen bonds between (thio)urea 
moieties. To take a few steps forward, such rough suggestion was finally confirmed to 
be correct by further NMR and X-ray studies. This particular aspect will be 
thoroughly discussed later on as the presence of the intramolecular hydrogen bonds in 
the macrocycle affects its conformational and hosting behaviour.
3.3.I.2. Interactions of imine-calix[4]arene derivatives RI, R2 and R5 with 
pesticides
Dimerisation of carboxylic acids in aprotic media was the driving force for the design 
of binary calix[4]arene structures. A receptor, which contains two subunits linked via 
two diametrical bridges with donor atoms capable of hydrogen bond formation, was 
thought to provide enough space to accommodate dimers of chlorophenoxy acids. 
Table 20 shows chemical shifts for the protons of RI upon interaction with various
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Table 20.
Changes in 'H NMR chemical shifts of Rl and its complexes with pesticides in CDC^ at 298 K.
Guest Receptor
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9 10 11
Free receptor 8.351 7.790 7.185 7.050 6.771 4.361 4.204 4.008 3.322 1.296 0.938
2,4,5T 10.142 8.398 7.786 6.974 6.875 3.983 4.113 3.531 3.317 1.262 1.018
AS 1.791 0.608 0.601 -0.076 0.104 -0.375 -0.09/ -0.477 -0.005 -0.034 0.080
2,3,6T 9.739 8.347 7.172 7.046 6.775 4.344 4.200 3.998 3.310 1.275 0.933
AS 1.388 0.557 -0.013 -0.004 0.004 -0.0/7 -0.004 -0 .0 / 0 -0 .0 / 2 -0.021 -0.005
2,2,4,5T 10.142 8.059 7.351 7.046 6.766 4.320 4.201 3.987 3.399 1.264 0.934
AS 1.791 0.269 0.166 -0.004 -0.005 -0.041 -0.003 -0.021 0.077 -0.032 -0.004
PCP
AS
Compound precipitated. No signals o f  the r•eceptor were found
PCNB 8.350 7.790 7.193 7.050 6.775 4.362 4.207 3.996 3.325 1.296 0.940
AS -0.001 0.000 0.008 0.000 0.004 0 .0 0 / 0.003 -0.012 0.003 0.000 0 . 0 0 2
y-HCH 8.347 7.787 7.173 7.045 6.765 4.348 4.201 3.996 3.309 1.293 0.933
AS -0.004 -0.003 -0.012 -0.005 -0.006 -0.0/3 -0.003 -0.012 -0.0/3 -0.003 -0.005
a-H C H 8.347 7.787 7.173 7.045 6.766 4.348 4.202 3.987 3.310 1.293 0.934
AS -0.004 -0.003 -0.012 -0.005 -0.005 -0.0/3 -0 . 0 0 2 -0.021 -0.012 -0.003 -0.004
dieldrin 8.348 7.787 7.169 7.045 6.764 4.346 4.200 3.986 3.283 1.292 0.932
AS -0.003 -0.003 -0.016 -0.005 -0.007 -0.0/5 -0.004 -0 . 0 2 2 -0.039 -0.004 -0.006
benomyl 8.347 7.787 7.176 7.046 6.767 4.349 4.201 3.987 3.311 1.293 0.934
AS -0.004 -0.003 -0.009 -0.004 -0.004 -0 .0 / 2 -0.003 -0.021 -0.011 -0.003 -0.004
a-endosulfan 8.347 7.787 7.174 7.045 6.766 4.348 4.201 3.997 3.310 1.293 0.934
AS -0.004 -0.003 -0.011 -0.005 -0.005 -0.0/3 -0.003 -0.011 -0.012 -0.003 -0.004
azinphos-ethyl 8.348 7.788 7.195 7.049 6.764 4.264 4.210 3.978 3.312 1.295 0.925
AS -0.003 -0.002 0.010 -0.001 -0.007 -0.097 0.006 -0.030 -0 .0 / 0 -0.001 -0.0/3
parathion-methyl 8.349 7.788 7.171 7.047 6.767 4.349 4.202 3.988 3.311 1.294 0.934
AS -0.002 -0.002 -0.014 -0.003 -0.004 -0 .0 / 2 -0 . 0 0 2 -0 . 0 2 0 -0.011 -0 . 0 0 2 -0.004
Free receptor* 8.458 8.363 7.879 7.295 7.229 4.473 4.281 4.128 3.553 1.273 1.050
triazine* 8.590 8.408 7.879 7.295 7.213 4.473 4.281 4.119 3.554 1.274 1.051
AS 0.132 0.045 0.000 0.000 -0.016 0.000 0.000 -0.009 0 .0 0 / 0.001 0.001
2,4,5Na* 8.457 8.377 7.878 7.293 7.227 4.473 4.281 4.118 3.541 1.273 1.050
AS -0.001 0.014 -0.001 -0.002 -0.002 0.000 0.000 -0 .0 / 0 -0.012 0.000 0.000
* Experiments were carried out in DMF-d?
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obsolete pesticides at 298 K in CDCI3, unless other solvent is indicated. The 
differences between chemical shifts (A6 ppm) of the given protons on addition of a 
pesticide with respect to that for the receptor in its free state are also included in the 
Table. These chemical shift changes are illustrated in Fig.40.
2.000 
1.500
1.000
+ 0.500
<
0.000 
-0.500 
-1.
N° o f proton
Figure 40.
Chemical shifts values for receptor RI on addition 
of excess of different pesticides in CDC13 at 298K.
♦Experiment was carried out in DMF-d7 and results 
are given for comparison.
Given that complementarity was the key feature in supramolecular recognition, the 
number of binding sites between the receptors and pesticides and, consequently, the 
strength of these interactions are established to be structurally-dependent. In order to 
illustrate these correlations, two dissimilar models of supramolecular interactions 
were selected for further consideration taking 2,4,5-T and 2(2,4,5)-T as an example. 
While both acids interact with the pre-programmed hydrogen bond donor sites 
(protons 1 and 2 of receptors RI and R2) with similar intensity, other potentially 
available interactive centres were barely involved in binding of 2(2,4,5)-T by both RI 
and R2 receptors. It might reflect the fact that the complementary bed of RI 
accommodates 2,4,5-T involving free phenolic groups (proton 3) and conjugated 
protons (7 and 8) of the aliphatic chains. The bulky aromatic system of the pesticide
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enters the lover rim altering its conformation from an almost perfect “cone” to a 
“flattened cone”. In other words, the arm-groups of the receptor become closer 
together when a molecule of 2,4,5-T enters the cavity. This suggestion was drawn on 
the basis of A5eq._ax. values (protons 6 and 9 for RI; 11 and 8 for R2) that were 
discussed previously. It is worth mentioning that for receptor RI, the protons of the 
active centres of interactions (1, 2 and 3) underwent a pronounced deshielding effect, 
whereas protons of the aliphatic chains (7 and 8) were shielded by the molecule of
2,4,5-T. None of these effects are observed in the case of 2(2,4,5)-T and 2,3,6-T. In 
fact, the only changes in chemical shifts on addition of these chlorophenoxy acids are 
detected in the resonance signals of protons 1 and 2. Chemical shifts of other protons 
in the molecule of RI were left unaffected. Apparently, a solution may be found in the 
structural features of the given pesticides. It was suggested that the interaction takes 
place primarily between the hydrogen donor arm-groups of the receptor and the 
bidentate carboxyl moiety of a pesticide. As such, the shorter side chain of 2,3,6-T 
relative to that of 2,4,5-T restricted the aromatic system of the former from entering 
the hydrophilic cavity of the receptor. On the other hand, 2(2,4,5)-T has a branchy 
side chain that could also prevent the occupation of the lower rim of receptor by this 
pesticide.
The proton resonance signals of receptor RI were not affected by the addition of any 
other pesticides except P4 (PCP), However it was not possible to illustrate this 
interaction due to precipitation of the complex formed. After addition of a triple 
excess of PCP to a solution of RI in CDCfr, a white solid precipitated immediately. 
Since receptors RI and R2 are structural isomers, the major difference between them 
is the position of substituents in the bridging benzene ring (para and meta 
respectively). These arrangements result in other shape of the intermolecular space 
between the two calixarene subunits. This was considered to enhance the 
complementarity and, therefore, to facilitate the complexation of larger guests such as 
2(2,4,5)-T by receptor R2. Chemical shifts obseived upon the addition of 2(2,4,5)-T 
and other pesticides are listed in Table 21. Like in the previous case, downfield 
changes in chemical shifts of the designed hydrogen donor site are the largest, while 
for this receptor additional sites of interaction are involved in the binding process. Not 
only do both, aliphatic (10) and phenolic (5) protons undergo more pronounced 
downfield shifts upon the addition of 2,4,5-T but this is also observed when2(2,4,5)-T
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Table 21.
Changes in *H NMR chemical shifts of R2 and its complexes with pesticides in CDC^ at 298 K.
Guest Receptor
R2
Chemical shift, ppm
Proton number l 2 3 4 5 6 7 8 9 10 11 12 13
Free receptor 8.418 8.020 7.860 7.319 7.136 7.004 6.744 4.278 4.199 4.011 3.271 1.279 0.918
2,4,5T 10.127 8.388 8.155 7.740 6.830 6.986 6.830 3.998 4.134 3.527 3.272 1.231 1.000
AS 1.709 0.368 0.295 0.421 -0.306 -0.018 0.086 -0.280 -0.065 -0.454 0.001 -0.045 0.052
2,3,6T 10.126 8.411 7.846 7.467 7.129 7.001 6.739 4.265 4.196 4.008 3.261 1.278 0.916
AS 1.708 0.391 -0.014 0.148 -0.007 -0.003 -0.005 -0.0/3 -0.003 -0.003 -0.010 -0.00/ -0.002
2,2,4,5T 10.126 8.413 8.173 7.752 6.908 7.049 6.740 4.266 4.132 3.459 3.261 1.245 0.917
AS 1.708 0.393 0.313 0.433 -0.228 0.045 -0.004 -0.012 -0.067 -0.552 -0.010 -0.034 -0.001
PC P
AS
Compound pi•ecipitated. No signals o f  the receptor were found
PCNB 8.420 8.019 7.852 7.325 7.141 7.006 6.749 4.281 4.234 4.016 3.273 1.281 0.923
AS 0.002 -0.001 -0.008 0.006 0.005 0.002 0.005 0.003 0.035 0.005 0.002 0.002 0.005
y-HCH 8.416 8.027 7.835 7.303 7.120 7.001 6.740 4.266 4.197 4.020 3.261 1.278 0.917
AS -0.002 0.007 -0.025 -0.016 -0.016 -0.003 -0.004 -0.012 -0.002 0.009 -0.010 -0.00/ -0.001
a-H CH 8.417 8.020 7.850 7.312 7.117 7.001 6.740 4.267 4.201 4.009 3.261 1.279 0.917
AS -0.001 0.000 -0.010 -0.007 -0.019 -0.003 -0.004 -0.07/ 0.002 -0.002 -0.0/0 0.000 -0.00/
dieldrin 8.415 8.018 7.848 7.315 7.121 7.001 6.740 4.266 4.197 4.010 3.261 1.278 0.916
AS -0.003 -0.002 -0.012 -0.004 -0.015 -0.003 -0.004 -0.0/2 -0.002 -0.001 -0.010 -0.00/ -0.002
benomyl 8.416 8.019 7.850 7.316 7.124 7.002 6.741 4.268 4.198 4.010 3.261 1.278 0.917
AS -0.002 -0.001 -0.010 -0.003 -0.012 -0.002 -0.003 -0.0/0 -0.001 -0.001 -0.0/0 -0.001 -0.001
a-endosulfan 8.415 8.019 7.848 7.315 7.121 7.001 6.740 4.266 4.197 4.008 3.260 1,278 0.916
AS -0.003 -0.001 -0.012 -0.004 -0.015 -0.003 -0.004 -0.0/2 -0.002 -0.003 -0.011 -0.001 -0.002
azinphos-ethyl 8.418 8.021 7.847 7.323 7.155 7.006 6.739 4.264 4.216 4.018 3.264 1.281 0.906
AS 0.000 0.001 -0.013 0.004 0.019 0.002 -0.005 -0.0/4 0.0/7 0.007 -0.007 0.002 -0.0/2
parathion-methyl 8.417 8.021 7.849 7.323 7.120 7.002 6.741 4.267 4.198 4.010 3.262 1.279 0.917
AS -0.001 0.001 -0.011 0.004 -0.016 -0.002 -0.003 -0.0// -0.00/ -0.001 -0.009 0.000 -0.001
Free receptor* 8.620 7.858 7.991 7.475 8.365 7.258 7.215 4.394 4.291 4.166 3.521 1.255 1.047
triazine* 8.604 7.863 7.988 7.534 8.377 7.223 7.193 4.395 4.293 4.179 3.521 1.255 1.047
AS -0.016 0.005 -0.003 0.059 0.012 -0.035 -0.022 0.001 0.002 0.0/3 0.000 0.000 0.000
2,4,5Na* 8.620 7.858 7.991 7.475 8.365 7.258 7.215 4.394 4.291 4.166 3.521 1.255 1.047
AS 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
* Experiments were carried out in DMF-dj
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is added to the receptor R2 (Fig.41). Hence, the extra intramolecular space has served 
its purpose in providing complementary sites for the larger guests. Nonetheless, it
Figure 41.
Chemical shifts values for receptor R2 on addition 
of excess of different pesticides in CDC13 at 298K.
♦Experiment was carried out in DMF-d7 and results 
are given for comparison.
appears that this receptor was unable to host guests whose dimensions are smaller 
than that of 2,4,5-T. As a result, 2,3,6-T appears to be bound by R2 in a similar 
fashion to that found for Rl. Pre-designed hydrogen bond donors (protons 1, 2 and 3) 
at the connective bridges of R2 interact with 2,3,6-T, which is relatively small in size, 
whereas other sites of the host molecule are not involved. Complexation of PCP was 
also observed. Unlike Rl-PCP interaction, the reaction involving receptor R2 was 
considerably slower. A white solid precipitated after approximately 30 min when an 
excess of PCP was added to a solution of R2 in CDCI3.
As far as R5 is concerned, this receptor could be considered as a monomeric structure 
with respect to Rl and R2. On the other hand, R5 might also be regarded as self- 
contained receptor with strong hydrogen bond donor groups similar to those of Rl 
and R2. This versatility gave an opportunity to estimate the influence of the 
intermolecular space within Rl and R2 on the complexation process. A such, R5 
showed a strong association with 2,4,5-T in a CDCI3 solution. Addition of threefold
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equivalents of 2,4,5-T caused downfield shifts for protons 1-4 and upfield shifts for 
protons 8-10. Differences in proton chemical shifts (AS ppm) of 2,4,5-T as well as 
other pesticides upon their addition to a CDCI3 solution of R5 are shown in Fig.42.
Figure 42.
Chemical shifts values for receptor R5 on addition 
of excess of different pesticides in CDC13 at 298K.
♦Experiment was carried out in DMF-d7 and results 
are given for comparison.
The interaction of R5 with 2,4,5-T was very similar to that involving receptors RI and 
R2. Supposedly, phenylmethyleneimino group captured the carboxyl moiety while the 
lower rim of the calixarene framework accommodated aromatic 7r-system of the 
pesticide. This scenario appeared to be the most probable one considering the 
significant conformational changes taking place upon the pesticide addition. 
Contrasting the binding behaviour of binary calix[4]arene structures, the interactions 
of the receptor R5 with other carboxylic acids and pentachlorophenol were very much 
alike as shown in Table 22. The resonance signals of protons 1,2,3 and 4 were shifted 
downfield on addition of 2,3,6-T, 2(2,4,5)-T and PCP. No precipitation was observed 
for the reaction of R5 with PCP and therefore its complex with R5 is considered to be 
soluble in CDCI3. While protons 8 and 10 were shielded when the interactions with 
acidic pesticides took place, these were untouched on addition of PCP. Instead, the 
resonance signals for protons 5 and 7 were moved upfield. It can be safely assumed
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Table 22.
Changes in lH NMR chemical shifts of R5 and its complexes with pesticides in CDCf at 298 K.
Guest Receptor
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9 10 11 12 13
Free receptor 8.467 7.779 7.368 7.368 7.210 7.007 6.780 4.322 4.266 4.108 3.283 1.272 0.949
2,4,5T 10.027 7.900 7.540 7.641 - 6.980 6.809 3.901 4.157 3.644 3.265 1.231 0.979
AS 1.560 0.121 0.173 0.274 - -0.027 0.029 -0.420 -0.109 -0.464 -0.0/5 -0.041 0.030
2,3,6T 9.985 7.855 7.490 7.619 - 6.988 6.813 3.825 4.103 3.598 3.245 1.246 0.965
AS 1.517 0.075 0.123 0.251 - -0.019 0.033 -0.497 -0.163 -0.5/0 -0.037 -0.026 0 .0 / 6
2,2,4,5T 9.857 7.847 7.642 7.594 - 6.951 6.804 3.901 4.179 3.621 3.259 1.269 0.953
AS 1.390 0.067 0.274 0.226 - -0.056 0.024 -0.420 -0.057 -0.457 -0.024 -0.003 0.004
PC P 10.025 7.894 7.533 7.646 7.013 6.994 6.490 4.307 4.222 4.109 3.291 1.106 0.797
AS 1.558 0.115 0.165 0.278 -0.197 -0.013 -0.290 -0.015 -0.044 0 .0 0 / 0.005 -0.166 -0./52
PCNB 8.470 7.755 7.358 7.358 7.165 7.011 6.771 4.333 4.273 4.117 3.294 1.278 0.942
AS 0.003 -0.024 -0.010 -0.010 -0.045 0.004 -0.009 0.011 0.007 0.009 0 .0 / / 0.006 -0.007
y-HCH 8.469 7.775 7.366 7.366 7.134 7.004 6.757 4.317 4.263 4.117 3.277 1.275 0.933
AS 0.002 -0.004 -0.002 -0.002 -0.075 -0.003 -0.023 -0.005 -0.003 0.009 -0.006 0.003 -0 .0 / 6
cc-HCH 8.468 7.775 7.352 7.352 7.144 7.004 6.760 4.317 4.263 4.105 3.278 1.275 0.935
AS 0.001 -0.004 -0.016 -0 .0 / 6 -0.066 -0.003 -0 . 0 2 0 -0.005 -0.003 -0.003 -0.005 0.003 -0.0/4
dieldrin 8.467 7.779 7.366 7.366 7.206 7.006 6.778 4.321 4.264 4.106 3.282 1.272 0.946
AS 0.000 0.000 -0.002 -0.002 -0.003 -0 .0 0 / -0 . 0 0 2 -0.001 -0 . 0 0 2 -0 . 0 0 2 -0 .0 0 / 0 . 0 0 0 -0.003
benomyl 8.466 7.765 7.368 7.368 7.212 7.008 6.789 4.324 4.267 4.108 3.283 1.271 0.955
AS -0.001 -0.014 0.000 0 . 0 0 0 0 . 0 0 2 0.001 0.009 0 . 0 0 2 0 .0 0 / 0 . 0 0 0 0 . 0 0 0 -0.001 0.006
a-endosulfan 8.468 7,776 7.366 7.366 7.194 7.006 6.774 4.321 4.252 4.106 3.281 1.273 0.944
AS 0.001 -0.003 -0.002 -0 . 0 0 2 -0 .0 / 6 -0 .0 0 / -0.006 -0 .0 0 / -0.014 -0 . 0 0 2 -0 . 0 0 2 0 .0 0 / -0.005
azinphos-ethyl 8.470 7.833 7.366 7.366 7.226 7.010 6.774 4.324 4.264 4.112 3.284 1.275 0.935
AS 0.003 0.054 -0.002 -0 . 0 0 2 0 .0 / 6 0.003 -0.006 0 . 0 0 2 -0 . 0 0 2 0.004 0 .0 0 / 0.003 -0.0/4
parathion-methyl 8.471 7.774 7.360 7.360 7.260 7.005 6.744 4.315 4.262 4.104 3.276 1.279 0.923
AS 0.004 -0.005 -0.008 -0.005 0.050 -0 . 0 0 2 -0.036 -0.007 -0.004 -0.004 -0.007 0.007 -0.026
Free receptor* 8.615 8.360 7.880 7.489 7.489 7.153 7.130 4.313 4.280 4.166 3.431 1.227 1.169
triazine* 8.558 8.307 7.824 7.422 7.422 7.096 7.073 4.259 4.225 4.102 3.375 1.171 1.113
AS -0.057 -0.053 -0.056 -0.067 -0.067 -0.057 -0.057 -0.054 -0.055 -0.064 -0.056 -0.056 -0.056
2,4,5Na* 8.615 8.360 7.880 7.489 7.489 7.153 7.130 4.313 4.280 4.166 3.431 1.227 1.169
AS 0.000 0.000 0.000 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.000 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
* Experiments were carried out in DMF-d?
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that protons 7 and 8 mostly reflect the conformational properties of calix[4]arene 
framework, whereas 5 and 10 indicate primary sites of interactions. Having this 
information in mind, it is suggested that pentachlorophenol enters deeper into the 
lower cavity of R5 than acidic pesticides. On the other hand, R5 possesses remarkable 
flexibility in its arm-groups. Therefore, the lower rim of this receptor could be 
adapted for interactions with all chlorophenoxy acids in the list.
In conclusion, receptors RI, R2 and R5 revealed similar binding properties in their 
interaction with 2,4,5-T. However, only receptor R5 was capable of complexing
2,3,6-T and 2(2,4,5)-T with the same intensity. This was considered as unambiguous 
advantage of R5 over the two other contenders and this is attributed to the better 
mobility of its functionalised groups. While complexes of RI and R2 with PCP 
precipitated from chloroform, complex of R5 was soluble in this solvent. No other 
pesticides from the list (Table 19) were obseived to be interacting with these 
receptors.
3.3.1.3. Interactions of (thio)urea-calix[4]arene derivatives R3, R4 with pesticides
Urea is known as a good hydrogen bond donor for bidentate anions such as carboxy- 
and nitrate anions. These hydrogen bonds are also responsible for the pre-organisation 
of these receptors. According to the literature57,194, self-association of urea moieties 
does take place in solution and in aprotic media. For this reason, the major goals of 
this study were i) to assess whether the acidic pesticides are capable of binding with 
the given receptors or ii) the binding process would be restricted by the strong intra 
and intennolecular association of host molecules. Having these hypotheses in mind, 
partially lower rim functionalised receptors (R3 and R4) were designed and 
synthesised. The reason for adopting this strategy was that to reduce infra and 
intermolecular association of the host molecules and to enhance their interaction with 
guest species. Terminal phenyl moieties were introduced to the arm-groups to boost 
their mutual repulsion.
On the whole, the receptor R3 displayed moderate strength of complexation with 
chlorinated phenoxy acids and their salts. Chemical shifts of the proton resonance 
signals (5 ppm) of R3 and differences in in these chemical shifts (A8 ppm) upon 
addition of various pesticides are listed in Table 23. Downfield shifts of both urea 
protons (4 and 8) were observed upon addition of 2,4,5-T, 2,3,6-T and 2(2,4,5)-T to
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Table 23.
Changes in 'H NMR chemical shifts of R3 and its complexes with pesticides in CDC^ at 298 K.
Guest Receptor
R3
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Free receptor 8.770 7.243 7.195 7.140 7.070 7.014 6.974 6.785 4.251 4.112 3.859 3.439 1.257 1.122
2,4,5T 8.318 7.209 7.122 - 7.027 6.965 6.938 7.422 4.089 4.063 3.798 3.380 1.250 1.098
AS -0.452 -0.034 -0.074 - -0.043 -0.049 -0.036 0.637 -0.162 -0.050 -0.06/ -0.059 -0.006 -0.159
2,3,6T 8.468 7.235 7.149 7.436 7.056 6.998 6.957 7.286 4.175 4.090 3.828 3.397 1.253 1.079
AS -0.302 -0.008 -0.047 0.296 -0.014 -0.016 -0.0/7 0.50/ -0.076 -0.023 -0.03/ -0.042 -0.004 -0.043
2,2,4,5T 8.425 7.209 7.128 7.490 7.027 6.965 6.938 7.249 4.108 4.098 3.840 3.380 1.270 1.150
AS -0.345 -0.034 -0.068 0.350 -0.043 -0.049 -0.036 0.464 -0./43 -0.0/4 -0.0/9 -0.059 0.0/3 0.029
PCP 8.763 7.244 7.184 7.184 7.070 7.007 6.972 6.787 4.239 4.115 3.362 3.439 1.260 1.115
AS -0.007 0.001 -0.011 0.044 0.000 -0.007 -0.002 0.002 -0.0/2 0.003 0.003 0.000 0.003 -0.007
PCNB 8.792 7.263 7.187 7.130 7.077 6.990 6.983 6.782 4.273 4.125 3.857 3.458 1.261 1.129
AS 0.022 0.020 -0.008 -0.010 0.007 -0.024 0.009 -0.003 0.022 0.0/3 -0.002 0.0/9 0.004 0.007
y-HCH 8.708 7.179 7.179 7.179 7.072 6.971 6.960 6.803 4.233 4.086 3.826 3.427 1.265 1.087
AS -0.062 -0.064 -0.016 0.039 0.002 -0.043 -0.0/4 0.018 -0.0/3 -0.026 -0.033 -0.0/2 0.008 -0.035
a-HCH 8.768 7.244 7.199 7.131 7.071 7.014 6.979 6.759 4.253 4.114 3.860 3.44 1.258 1.121
AS -0.002 0.001 0.004 -0.009 0.00/ 0.000 0.005 -0.026 0.002 0.002 0.001 0.001 0.001 -0.001
dieldrin 8.772 7.240 7.192 7.133 7.067 7.010 6.972 6.791 4.240 4.110 3.854 3.436 1.256 1.12
AS 0.002 -0.003 -0.003 -0.007 -0.003 -0.004 -0.002 0.006 -0.011 -0.002 -0.005 -0.003 -0.001 -0.002
benomyl 8.755 7.246 7.196 7.136 7.070 7.012 6.975 6.786 4.248 4.113 3.851 3.468 1.257 1.12
AS -0.015 0.003 0.001 -0.004 0.000 -0.002 0.00/ 0.00/ -0.003 0.00/ -0.003 0.029 0.000 -0.002
a-endosulfan 8.771 7.245 7.199 7.132 7.071 7.015 6.993 6.758 4.253 4.115 3.860 3.437 1.258 1.121
AS 0.001 0.002 0.004 -0.008 0.00/ 0.00/ 0.0/9 -0.027 0.002 0.003 0.00/ -0.002 0.00/ -0.001
cizinphos-ethyl 8.773 7.245 7.199 7.132 7.073 7.013 6.993 6.763 4.254 4.112 3.861 3.441 1.259 1.117
AS 0.003 0.002 0.004 -0.008 0.003 -0.001 0.0/9 -0.022 0.003 0.000 0.002 0.002 0.002 -0.005
parathion-methyl 8.776 7.242 7.196 7.135 7.071 7.015 6.976 6.763 4.254 4.115 3.874 3.44 1.257 1.121
AS 0.006 -0.001 0.001 -0.005 0.00/ 0.001 0.002 -0.022 0.003 0.003 0.0/5 0.00/ 0.000 -0.001
Free receptor* 8.750 8.535 7.434 7.238 7.197 7.197 6.955 6.567 4.321 4.130 3.829 3.507 1.242 1.180
triazine* 8.725 8.486 7.382 7.204 7.184 7.184 6.885 6.542 4.271 4.078 3.778 3.453 1.187 1.125
AS -0.025 -0.049 -0.052 -0.034 -0.0/3 -0.013 -0.070 -0.025 -0.050 -0.052 -0.05/ -0.054 -0.055 -0.055
Free receptor** 8.970 8.666 7.500 7.316 7.248 7.198 6.900 6.726 4.394 4.191 3.940 3.574 1.267 1.050
2,4,5Na** 10.078 8.632 7.551 7.271 7.145 7.122 6.811 7.896 4.456 4.181 3.865 3.519 1.25 1.045
AS 1.108 -0.034 0.051 -0.045 -0.103 -0.076 -0.039 1.170 0.062 -0.0/0 -0.075 -0.055 -0.0/7 -0.005
* Experiments were carried out in DMSO-4
** Experiments were carried out in DMF-d?
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the macrocycle. The magnitudes of these shifts were nearly identical as shown in 
Fig.43. Dissimilar to the imine-based receptors (Rl, R3 and R5), the aromatic n-
Figure 43.
Chemical shifts values for receptor R3 on addition 
of excess of different pesticides in CDC13 at 298K.
Experiment was carried out in DMSO-d6* and 
DMF-d7** and results are given for comparison.
system of the pesticides does not enter the lower cavity of the receptor R3 but is 
directed outward. The phenolic proton (1) of the calix[4]arene framework was 
shielded and therefore its resonance signal is shifted upfield. This implies that the 
phenolic group does not take part in hydrogen bond formation but is merely 
overshadowed by the aromatic system of the chlorophenoxy acids. Hence, the urea 
moiety is the primary site of interaction as it was earlier suggested.
Such point-binding mechanism, however, provides more reliability of action rather 
than selectivity to certain species. Since carboxyl anions are good hydrogen bond 
acceptors while the hydrogen bond donor sites of urea moieties act as Lewis acids, it 
is expected that the addition of the Lewis base COO' to a solution of R3 would lead to 
complexation of the anion. This assumption was confirmed to be true when 
experiments involving the sodium salt of 2,4,5-T were carried out in DMF-d7. This 
more polar medium was used instead CDCI3 to overcome solubility limitations in the 
latter solvent. Although no significant changes were observed for the upper urea
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proton 4 in R3, the resonance signal of proton 8 was significantly shifted downfield. 
A similar downfield shift was also observed for the phenolic proton 1. It was 
nevertheless unlikely that only one urea proton took part in the binding of 2,4,5-Na 
with the receptor R3. Therefore, the difference in the chemical shift patterns of the 
acidic and salt forms of the pesticides provide the first experimental evidence of the 
engagement of the urea protons in intramolecular hydrogen bonding.
In an attempt to enhance the strength of receptor-pesticide complexation even further, 
the phenylthiourea derivative R4 was prepared. Due to the higher acidity of the NH 
protons of thiourea compared to urea (thiourea pKa=21.0 and urea pKa=26.9 in 
DMSO at 298.15K)195, anion complexation with receptor R4 was expected to be 
stronger relative to its urea isomer R3. In fact, the increased acidity is evident from 
the 'H NMR spectrum of R4 with respect to that of R3. The upper and lower thiourea 
protons are shifted by 0.717 and 0.965 ppm to the lower field respectively in 
comparison with its urea analogue. However, only weak complexation and selectivity 
was observed for R4 and pesticides with the exception of 2,4,5-Na (Table 24). It 
should be mentioned though that for acidic pesticides the most considerable shifts 
were observed for the phenylurea moiety and namely for protons 2, 3 and 6 as shown
Figure 44.
Chemical shifts values for receptor R4 on addition 
of excess of different pesticides in CDC13 at 298K. 
Experiment was carried out in DMSO-d6* and 
DMF-d7** and results are given for comparison.
141
Chapter 3 Results and discussion
Table 24.
Changes in !H NMR chemical shifts of R4 and its complexes with pesticides in CDC^ at 298 K.
Guest Receptor
R 4
C h em ic a l sh ift, p p m
Proton number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Free receptor 7.932 7.857 7.750 7.197 7.088 7.014 6.943 6.908 4.141 4.092 3.836 3.276 1.237 1.084
2,4,5T 7.923 7.904 7.845 7.182 7.079 7.063 6.939 6.908 4.132 4.098 3.824 3.272 1.236 1.085
AS -0.009 0.047 0.095 -0.015 -0.009 0.04S -0.004 -0.001 -0.008 0.005 -0 .0 / 2 -0.004 -0 .0 0 / 0.001
2,3,6T 7.979 7.938 7.785 7.212 7.085 7.139 6.939 6.918 4.138 4.098 3.896 3.256 1.238 1.080
AS 0.047 0.081 0.035 0.0/5 -0 . 0 0 2 0.124 -0.004 0.009 -0 . 0 0 2 0.005 0.060 -0 . 0 2 0 0 .0 0 / -0.005
2,2,4,5T 7.917 7.910 7.879 7.179 7.080 7.084 6.896 6.904 4.138 4.133 3.831 3.270 1.235 1.084
AS -0.015 0.053 0.129 -0.0/S -0.007 0.069 -0.047 -0.004 -0.003 0.040 -0.005 -0.007 -0 . 0 0 2 0 . 0 0 0
PCP 7.933 7.854 7.749 7.184 7.086 7.037 6.946 6.907 4.139 4.108 3.841 3.280 1.240 1.082
AS 0.001 -0.003 -0.001 -0.013 -0 . 0 0 2 0.023 0.003 -0 .0 0 / -0 . 0 0 2 0 .0 / 6 0.005 0.004 0.003 -0 . 0 0 2
PCNB 7.979 7.870 7.737 7.195 7.087 7.008 6.949 6.925 4.144 4.113 3.852 3.293 1.240 1.095
AS 0.047 0.013 -0.013 -0 . 0 0 2 -0.001 -0.006 0.006 0.017 0.003 0 .0 2 / 0 .0 / 6 0.0/7 0.003 0 .0 / /
y-HCH 7.984 7.887 7.709 7.188 7.085 7.010 6.939 6.918 4.151 4.093 3.833 3.275 1.234 1.094
AS 0.052 0.030 -0.041 -0.009 -0.005 -0.004 -0.004 0 .0 / 0 0 .0 / 0 0 .0 0 / -0.003 -0 .0 0 / -0.003 0 .0 / 0
a-H C H 7.978 7.857 7.727 7.172 7.083 7.023 6.938 6.916 4.144 4.092 3.833 3.274 1.234 1.092
AS 0.046 0.000 -0.023 -0.025 -0.005 0.009 -0.005 0.008 0.003 0 . 0 0 0 -0.003 -0 . 0 0 2 -0.003 O.OOS
dieldrin 7.996 7.857 7.731 7.189 7.083 7.037 6.937 6.920 4.145 4.122 3.833 3.274 1.233 1.095
AS 0.064 0.000 -0.019 -0.00S -0.005 0.023 -0.006 0 .0 / 2 0.004 0.030 -0.003 -0 . 0 0 2 -0.004 0 .0 / /
benomyl 7.958 7.854 7.757 7.187 7.086 7.012 6.941 6.913 4.143 4.094 3.836 3.276 1.236 1.089
AS 0.026 -0.003 0.007 -0 .0 / 0 -0 . 0 0 2 -0 . 0 0 2 -0 . 0 0 2 0.005 0 . 0 0 2 0 . 0 0 2 0 . 0 0 0 0 . 0 0 0 -0 .0 0 / 0.005
a-endosulfcin 8.003 7.859 7.718 7.189 7.083 7.022 6.937 6.922 4.145 4.101 3.833 3.274 1.233 1.096
AS 0.071 0.002 -0.032 -0.005 -0.005 0.005 -0.006 0.0/4 0.004 0.009 -0.003 -0 . 0 0 2 -0.004 0 .0 / 2
azinphos-ethyl 8.027 7.874 7.738 7.200 7.087 7.008 6.945 6.923 4.146 4.098 3.844 3.286 1.238 1.088
AS 0.095 0.017 -0 .0 / 2 0.003 -0 .0 0 / -0.006 0 . 0 0 2 0.0/5 0.005 0.006 O.OOS 0 .0 / 0 0 .0 0 / 0.004
parathion-methyl 8 . 0 0 2 7.862 7.720 7.190 7.084 7.023 6.939 6.922 4.146 4.094 3.834 3.276 1.234 1.096
AS 0.070 0.005 -0.030 -0.007 -0.004 0.009 -0.004 0.0/4 0.005 0 . 0 0 2 -0 . 0 0 2 0 . 0 0 0 -0.003 0 .0 / 2
Free receptor* 9.903 8.357 7.919 7.374 7.270 7.175 7.163 7.078 4.191 4.191 4.140 3.457 1.247 1.173
triazine♦ 9.857 8.300 7.873 7.303 7.201 7.114 7.102 7.017 4.134 4.134 4.081 3.398 1.186 1 .1 1 2
AS -0.046 -0.057 -0.046 -0.071 -0.069 -0.06/ -0.061 -0.06/ -0.057 -0.057 -0.059 -0.059 -0.06/ -0.061
Free receptor** 9.977 8.442 8.021 7.469 7.280 7.250 7.216 7.054 4.290 4.290 4.233 3.527 1.274 1.037
2,4,5Na** 11.205 9.462 8.517 7.665 7.258 7.188 7.203 6.949 4.295 4.295 4.366 3.505 1.262 1.042
AS 1.228 1.020 0.496 0.196 -0 . 0 2 2 -0.062 -0.013 -0.105 0.005 0.005 0./33 -0 . 0 2 2 -0 .0 / 2 0.005
* Experiments were carried out in DMSO-4
♦♦Experiments were carried out in DMF-d;
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in Fig.44. As for 2,4,5-Na, its binding with R4 in DMF-d7 took place via the 
designed hydrogen bond donors of the receptor represented by protons 1, 2, 3 and 4. 
The reason for the weaker anion binding properties of R4 may be that the enhanced 
hydrogen donating ability of the thiourea groups promoted a stronger intra- and 
intermolecular hydrogen bonding competition. As a result, the binding affinity of R4 
to guest species decreases.
To sum up this section, receptors R3 and R4 interacted with chlorinated phenoxy 
acids in CDCI3 and their salts in DMF-d7. None of the receptors was found to interact 
with PCP or other pesticides in the list. R3 was proven to have stronger interactions 
with the guests under investigation with respect to its contender R4. This aspect is 
attributed to a competition between self-association of the (thio)urea moieties within 
the macrocycle and its binding affinity to these pesticides. In this respect, these 
functional groups are involved in both types of interactions. However, the 
contribution of thiourea moieties in intra- and intermolecular association of R4 is 
significantly more pronounced than that for urea functionalised groups of R3.
3.3.1.4. Interactions of conformationally immobile receptors R6, R7 and 
reference compounds r2, r3 with pesticides
Since receptors R6 and R7 were specifically designed to prevent any conformational 
changes, intramolecular interactions between their moieties were not expected to take 
place. The size of the rigid basket is approximately 5.3 and 5.1 A across for R6 and 
R7 respectively. The centres of interaction were compactly located into the lower 
cavity providing reasonably enough space for binding the carboxyl moiety of 
pesticides, which is approximately 4.3 A long for 2,4,5-T. While more complex 
synthetic approaches are required for the preparation of R6 and R7, these receptors 
were believed to be selective for the chlorophenoxy acids and for 2,4,5-T in 
particular. An original scenario for encapsulation of these guests was similar to that 
described earlier in the Results and Discussions section and shown in Scheme 15. 
Pesticides enter the inner cavity of the receptors R6 and R7 via the upper rim and their 
carboxylic moieties reach urea (R6) 01* amide (R7) hydrogen bond centres from inside 
the cavity resulting in the formation of strong complex. As far as R6 and R7 are 
concerned, these were designed to be selective to 2,4,5-T. Consequently, these 
receptors were primarily tested for interaction with this particular pesticide.
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The titration was made by adding a threefold amount of 2,4,5-T to a solution of the 
host R6 in CDCI3 at 298K. The largest chemical shifts of the urea protons (4 and 5) 
and the slight shift of the aromatic (2 and 3) and the /er/-butyl (12 and 13) protons are 
observed upon the addition of the pesticide to R6 solution as shown in Table 25. In 
this Table, proton chemical shifts (8 ppm) for rigid receptors R6, R7 and reference 
compounds r2, r3 in their free state are listed. Changes in chemical shifts (A8 ppm) 
for these hosts upon addition of 2,4,5-T are also included. Graphical representation of 
this Table is shown in Fig.45. The notable chemical shift changes in the NH protons 
(5 and 4) of R6 combined with small shifts observed in the upper rim protons (2,3, 12 
and 13) indicate a direct interaction of 2,4,5-T and the urea moiety avoiding the 
entrance of the guest into the hydrophilic cavity of the host.
Figure 45.
Chemical shifts values for rigid receptors R6  and 
R7 and reference compounds r2-3 upon addition of 
threefold excess of 2,4,5-T in CDC13 at 298K.
♦Experiment was carried out in (CD3)20  and 
results are given for comparison.
Upon addition of 2,4,5-T to receptor R7, chemical shift changes for protons 1, 3, 4 
and 7 are the most prominent and no conformational changes were noticed (Table 25, 
Fig.45). Although R7 interacts with carboxylates, the strength of such interaction was 
rather modest. Evidently, a molecule of pesticide approaches the interactive sites of 
the receptor not through its upper rim but from the outside of the host molecule. In 
this way, the bulky 7t-system of the pesticide cannot be accommodated within the 
cavity. Consequently, the binding strength is significantly reduced. In other words R7 
lacks complementarity toward the guest species.
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Table 25.
Changes in H NMR chemical shifts of rigid receptors R6 , R7, reference compounds r2, r3 4 and their 
complexes with 2,4,5-T in CDC13 at 298 K.
Guest Receptor
R6
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9 10 11 12 13
Free receptor 7.461 7.082 6.812 6.148 4.931 4.241 4.058 3.390 3.803 3.215 1.572 1.333 0.908
2,4,5T 7.210 7.102 6.834 6.674 5.348 4.249 4.138 3.388 3.617 3.107 1.532 1.271 0.912
AS -0.251 0.020 0.022 0.526 0.417 0.008 0.080 -0.002 -0.186 -0.108 -0.040 -0.062 0.004
R7
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9 10 11 12 13
Free receptor 8.193 8.188 7.675 7.508 7.115 6.722 6.247 4.29 4.245 4.029 3.404 1.335 0.926
2,4,5T 8.333 8.158 7.551 7.797 7.088 6.692 6.392 4.244 4.198 3.978 3.389 1.283 0.861
AS 0.140 -0.030 -0.124 0.289 -0.027 -0.030 0.145 -- -— -0.046 -0.047 -0.051 -0.015 -0.052 -0.065
©HU'
So
© 1*2
Chemical shift, ppm
Proton number l 2 3 4 5 6 7 8 9 10
Free receptor 7.273 7.273 7.273 7.273 6.874 6.96 7.07 5.501 4.035 3.654
2,4,5T 7.858 7.288 7.288 7.288 6.874 7.004 7.288 5.622 4.069 3.655
AS 0.585 0.015 0.015 0.015 0.000 0.044 0.218 0.121 0.034 0.001
Free receptor* 7.969 7.45 7.292 7.213 6.959 6.959 6.959 6.052 4.087 3.61
2,4,5T* 7.978 7.491 7.307 7.216 6.964 6.964 6.964 6.063 4.087 3.596
AS 0.009 0.041 0.015 0.003 0.005 0.005 0.005 0.011 0.000 -0.014
fflX
r3
Chemical shift, ppm
Proton number 1 2 3 4 5 6 7 8 9
Free receptor 8.38 7.757 7.421 7.421 7.264 6.93 6.93 4.28 4.001
2,4,5T 10.016 7.896 7.643 7.533 7.2 6.943 6.753 4.067 3.382
AS 1.636 0.139 0.222 0.112 -0.064 0.013 -0.177 -0.213 -0.619
* Experiments were carried out in (CD))20
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In the absence of any macrocyclic effect caused by the calix[4]arene framework, the 
sites of interactions might be seen easier. This can assist in the assessment of the 
reactive centres undisturbed by complex intramolecular interactions. Significant 
upfield shift for the protons 1, 7 and 8 (0.585, 0.218 and 0.121 ppm respectively) were 
noticed upon the addition of threefold excess of 2,4,5-T to a solution of r2 in CDCI3 
(Table 25, Fig.45). However, no notable chemical shifts were observed in (CD3)20 . 
This might be attributed to either preorganisation between the urea molecules in the 
given medium or solute-solvent interactions.
The very simple model of r3 was also studied to verify the cooperative effect of two 
and more binding sites. While r3 was expected to attract only the carboxylic part of 
the pesticide, chemical shifts values revealed that r3 and 2,4,5-T were veiy 
complementary to each other. This is confirmed by the significant changes observed 
in nearly all proton chemical shifts of compound r3 (AS ppm) upon addition of the 
pesticide to its solution in CDCI3 (Table 25). Graphical inteipretation of this Table is 
shown in Fig.45. The upfield shifts for the phenylmethyleneamine moiety of r3 
indicated that interaction with the carboxylic tail of 2,4,5-T occurred. In addition, 
downfield shifts observed for protons 7, 8 and 9 show the involvement of the entire 
molecule of r3 into the binding process.
Thus, the conformationally immobile receptors R6 and R7 were unable to interact 
with the pesticides in the proposed manner. While this drawback might be resolved by 
the removal of the tert-butyl groups at the upper rim, this operation would complicate 
the synthetic pathway even further. Considering the poor performance of the receptors 
with complicated synthetic accessibility it was decided to avoid using these 
macrocycles for extraction studies. Interactions of 2,4,5-T with the reference 
compounds r2 and r3 confirmed that urea derivatives bind guest species through 
hydrogen bond formation with the urea moiety, whereas a more complementary 
approach was prevalent in the case of imine-functionalised compound. This implies 
that the latter possesses higher selectivity toward the chlorinated phenoxy acids under 
investigation. This experiment revealed a remarkable selectivity of both receptors RI 
and R2 toward chlorophenoxy acids as well as pentachlorophenol. These interactions 
between urea calix[4]arene derivatives and acidic pesticides are of moderate strength 
and are formed through the hydrogen bond donor sites of the urea moiety. The 
increasing ability of urea derivatives to interact with each other is a matter of great
146
Chapter 3_______________________________________ Results and discussion
concern. Any possible precautions have to be taken to avoid competition between 
self-association and guest binding. The same reasoning is applied as far as the choice 
of solvent is concerned.
To sum up the section, all the receptors were selective in their interactions with 
phenyl- and phenoxyacetic acids, their salts and pentachlorophenol. The latter 
circumstance is particularly valuable as it allows the removal of metabolites of 
chlorinated acidic herbicides and therefore may help to complete the purification 
cycle as a whole. Interactions take place predominantly at the lower rim and, 
according to the size of the pesticide, the number of reactive centres varies within a 
wide range. Interactions between imine derivatives were mostly governed by 
complementarity, whereas (thio)urea derivatives were not selective to any acidic 
pesticide in particular. Instead, these macrocycles are found to be notably self­
associated due to a pronounced intra- and intermolecular hydrogen bonds. This could 
explain the lower stability of the (thio)urea complexes as compared with those 
involving calix[4]arene-imide derivatives. The accurate interpretation of intra- and 
intermolecular hydrogen bonds was made after crystals of the receptors R3, R4 and 
R5 were grown and sent to X-ray analysis. This study was found to be particularly 
informative although it was referred to the solid state.
3.3.2. X-Ray crystallographic studies
Crystals of imine (R3) and urea (R5) calix[4]arene derivatives were grown from a 
methanol/chloroform solvent mixture whilst for the thiourea receptor (R4) DMF was 
the solvent of choice.
The structure of R5 is shown in Fig.46 together with the atomic numbering scheme. 
The receptor is found in a well shaped cone conformation that provides an open 
hydrophobic cavity able to host a MeOH molecule. There are two strong hydrogen
bonds at the lower rim between 0(4)-H—0(l) and 0(3)-H—0(2) oxygen atoms at 
2.238 and 2.347 A respectively. These short distances suggest that this complex with 
methanol is stabilised in the cone conformation by a pair of O-H—O bonds. The near 
four-fold symmetry of R5 skeleton does not extend to the hydrophilic cavity. Two 
terminal benzene rings of the imine-functionalised pendant arms were tilted away 
from each other and close to mutual perpendicularity. This is quantitatively indicated
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CI35)
C(52)
Figure 46.
Structure of R5 with ellipsoids at 30% occupancy.
Hydrogen bonds are shown as dashed lines.
by the values of the corresponding torsion angles of both -0 -CH2-CH2-N=CH-Ph 
pendant arms (absolute difference is 78.8°). These structural results suggest the 
relatively flexible nature of the pendant arm-groups. In R5 no intermolecular 
hydrogen bonds were found.
The lower rim of R3 was partially derivatised with -0 -(CH2)2-NH-(C=0)-NH-Ph 
pendant arms (Fig.47). It crystallises as a molecular complex with MeOH in the 
orthorhombic space group Pbca with a=19.958(l), b=13.298(l), c=43.567(l) A, and
Z=8. As in related calix[4]renes, a pair of strong and relatively linear 0-H-0(pend)
bonds in the lower rim [0 (oxy)—0 (pend) distances of 2.695 and 2.719 A and O-
H-”0(pend) angles of 176.3 and 173.5°, respectively], produces a relatively open 
calix. This, in turn, promotes the hydrophobic interaction with the MeOH solvent 
molecule hosted in the hydrophobic cavity. In addition, intramolecular N-H'-0(oxy) 
bonds involving the upper NH group of the pendant arms anchor the upper half of 
these arms [N-H-O(oxy) distances of 3.009 and 3.171 A and N-H—O(oxy) angles of 
175.7 and 167.1°, respectively]. Although this structure is referred to the solid state, it 
clarifies several ambiguous features that were noticed previously during *H NMR 
characterisation and titration experiments. Firstly, a nearly perfect cone conformation 
of the receptor, which does not change on addition of a guest, was observed, hi
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Figure 47.
Structure of R3 with ellipsoids at 30% occupancy. 
Hydrogen bonds are shown as dashed lines.
addition, disappearance of the upper NH urea proton signal was noticed during 
titration experiments. Finally, R3 was found to form relatively weak complexes with 
respect to other macrocycles under investigation. Nevertheless, despite the above 
findings, no intermolecular hydrogen bonds were detected.
The structure of R4 is shown in Fig.48. Similar to the features found in the above 
receptor, a pair of strong 0(2)-H-0(3) and 0(4)-H -0(l) hydrogen bonds in the 
lower rim (distances of 2.678 and 2.715 A respectively) helps to keep the 
conformational stability of macrocycle. Unlike the previous characterisation of R4 in 
solution by *H NMR, this receptor exists in a well-shaped “cone” conformation in the 
solid state. Dihedral angles that the phenolic rings subtend with the plane through the 
four methylene linking groups were 113.1°, 109.5°, 113.3° and 111.2°. This open 
structure allows hosting the solvent. In fact, a DMF molecule is found in the 
hydrophobic cavity of the R4 crystal. Moreover, the two pendant arms derivatised 
with -0 -(CH2)2-NH-(C=S)-NH-Ph moieties are not joined together by hydrogen 
bonding, but these are found in opposite directions close to mutual parallelism. This is 
quantitatively indicated by the close absolute values and opposite signs of the 
corresponding torsion angles of both pendant arms (the absolute difference less than 
2.8°). Discrepancies between analyses of the calix[4]arene derivatives in solution and
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Figure 48.
Structure of R4 with ellipsoids at 30% occupancy.
and the solid state reveal the very flexible and interactive nature of these macrocycles 
in solution. Therefore, X-ray should not be considered as the ultimate prove of 
structure in solution, but as a useful and informative tool for achieving a resolution. It 
is remarkable, that being de facto an isomer of R3, R4 is very keen to form inter- 
rather than intramolecular hydrogen bonds. Lengths and angles of these bonds are 
listed in Table 26. As a consequence, R4 forms clusters that are held together solely 
by hydrogen bonds and this is illustrated in Fig.49. As it can be seen, hydrogen bond 
centers of these clusters are pre-occupied by self-association. In addition, these 
structural conglomerates are very densely packed, which excludes a possibility of 
guest accommodation due to the lack of a suitable internal space. This obseivation 
was indirectly proven by *H NMR and UV complexation studies. In fact, R4 show 
smaller chemical shifts and lower stability constants when interacting with pesticides 
as compared with corresponding studies involving the receptor R3.
To summarize the section, it was proved that hydrogen bond formation takes place 
within all the receptors. While this is in accord with suggestions previously made 
from ‘H NMR experiments, the sites of such interactions are not always predictable. 
R3, R4 and R5 show interesting and different patterns of intra- and intennolecular 
interactions around the lower rim of the calix[4]arene framework. An evidence of the 
degree of inertness of the upper nitrogen atoms of the urea moieties in R3 was
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Table 26.
Hydrogen bonds, interatomic distances and angles for crystalls of receptor R4 obtained from DMF.
Moiety Angle, deg. Distance, A Legend
D-H <DHA d(D-H) d(H...A) d(D...A) A
02-1120 161.86 0.851 1.856 2.678 03
04-H40 163.71 0.958 1.783 2.715 0 1
N1-H1N 168.98 0.738 2.695 3.423 S2'
N2-H2N 118.58 0.811 2.622 3.093 06S
N3-H3N 164.11 0.784 2.649 3.41 SI' [ x+1, y, z+1 ]
02'-H2'0 167.39 0.966 1.754 2.704 03'
04'-H4'0 158.31 0.947 1.809 2.712 or'
NI '-HI TV 144.39 0.823 2.722 3.425 S2 [ x-1, y, z-1 ]
N2'-H2'N 122.4 0.867 2.574 3.126 04’
N3'-H3'N 154.67 0.82 2.652 3.411 SI
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Figure 49.
X-Ray crystal structure and the best unit cell of R4 
recrystallised from DMF.
obtained from X-ray structure of this receptor. This was caused by additional 
hydrogen bonds with the phenolic function of the calix [4] arene skeleton. 
Nevertheless, X-ray experiments were not able to reveal mutual intramolecular 
binding of thiourea moieties in R4. The probable explanation is that in the solid state 
X-ray crystallography does not completely comply with the solution state of the 
species of interest.
3.3.3. Determination of the stoichiometry and the strength of interaction of 
receptors with chlorophenoxy acids by UV/Vis spectroscopy
The ultimate choice of a tool for determining the stoichiometry and the strength of 
interactions between guests and receptors was rather straightforward. While the 
neutral nature of the receptors and most of the pesticides restricted using 
electrochemical techniques, the insufficient sensitivity and limited probe volume of
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the NMR method limited its application for this purpose. UV spectroscopy was the 
most obvious and effective solution for these experiments. This technique was fist 
employed by Pedersen et al.196,197 for investigating interactions between 
dibenzocrown ethers and some metal cations in solution. Although UV spectroscopy 
is not particularly specific and there are just a few chromophores to be detected, this 
method can be used when the complex absorbs in the region where neither the 
receptor nor the guest separately absorbs. After correcting for dilution, changes in the 
absorbance values upon addition of guest aliquots indicate supramolecular 
interactions in a given medium. In most cases, pronounced changes demonstrate the 
formation of stable complexes. Therefore, the stoichiometry of these interactions was 
determined by plotting the absorbance versus the guest/host molar ratio, beyond 
which no further variations in the shape of the spectrum were observed by increasing 
guest concentration. However, the absence of such effect does not necessarily mean 
negligibly weak interactions. In such cases, the UV technique needs to be verified by 
another conventional procedure.
The accuracy of stability constants calculation may be influenced by the ability of 
receptors and guest species to absorb in the same region. Therefore, any precautions 
should be taken to avoid this mutual interference. Preliminary studies revealed that 
the receptors and the guests involved in this research had different absorbance 
frequencies. The complexing properties of the ligands Rl-5 toward different 
pesticides were investigated and the stoichiometry of interaction as well as the 
strength of complexation was established. As a preliminary step, the spectra of free 
receptors and guests were recorded in the 250-350 nm range. This was followed by 
stepwise addition of the pesticide solution until changes in the absorbance were 
observed. The wavelength, at which the absorbance varied the most, was plotted 
against the pesticide/receptor molar ratio to derive the composition of the complexes. 
The complexation studies were carried out for the receptors Rl-5 and the selected 
chlorophenoxy acids (PI-3) their most common metabolite (P4) and sodium salt (PI4) 
in CHCI3 at 298.15K (unless other conditions are indicated). These pesticides were 
experimentally (*H NMR) proven to interact with the macrocycles and therefore these 
interactions had to be quantitatively assessed. All the data on the UV/Vis titration 
experiments including those at different temperatures are given in full in Table 27. As 
a representative example, the UV spectrum of R5 and 2,4,5-T recorded in CHCI3 at 
298.15K is shown in Fig.50a. Both compounds have aromatic chromophores in their
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Wavelength, nm
0.00
structures and therefore absorb within the 270-310 nm region. Nevertheless, different
substituents at the benzene rings allow to distinguish between the peaks of maximum
absorbance for the host and guest. R5 shows the maximum absorbance at 281.9 nm
and therefore all further experiments 
and calculations involving R5 have 
been carried out at this particular 
wavelength. A typical titration 
experiment involves the addition of 
the pesticide into the thermostated 
cell containing a solution of the 
receptor. The changes in UV 
spectrum recorded after each addition 
of guest are shown in Fig.50b. Two 
isosbestic points, at which the free 
receptor and its complex have the 
same absorbance, were established at 
290.6 and 310.1 nm. For the region 
between two isosbestic points the 
absorbance increased on addition of 
guest, whereas at any other 
wavelength a decrease in absorbance 
was observed. This might imply that 
the complex formed in the reaction 
absorbs stronger within the given 
region than the original macrocycle. 
Such intense changes in absorbance 
took place until the certain 
pesticide/receptor ratio was reached. 
After that, only minor changes in 
absorbance were noticed, which could 
be mainly attributed to the dilution
2.00
1.50
i.oo -5
0.50
l\\\l —r " 1 1 1 1 1 l\\\yi 1 1 1 
V\\\uv 1 1 1
l * H v
----
---- 1---- 1---- 1----h— ^
260 270 280 290 300
Wavelength, nm
310 320
[245T]/[R5]
Figure 50.
An experiment on titration of R5 with 2,4,5-T in 
CHC13 at 298.15K a) UV spectra of the receptor 
and guest in their pure states, b) titration curves 
on addition of aliquots of 2,4,5-T to the solution 
of R5, c) a plot of absorbance at 281.9 nm vs. the 
pesticide/receptor molar ratio.
effect. To find out the composition of the complex, the absorbance values at 281.9 nm 
were plotted against the pesticide/receptor molar ratio as shown in Fig.50c. As the 
curve did not have a sharp break, two tangents were drawn to the resulting curve as
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Wavelength, nm
illustrated in Figure. The cross point at the 2:1 ratio unambiguously indicated the 
composition of the complex. Bend of the spectrophotometric titration curve within the 
1-3 pesticide/receptor molar range gave semiquantitative evidence that a complex of 
an intermediate strength is formed.
An isosbestic point is observed in the overlaid spectra when a chromophoric precursor 
is converted to a product with a different spectrum. As such, it is often assumed that
an isosbestic point occurs only when 
the receptor is quantitatively 
converted to a complex. However, 
some supramolecular interactions can 
exhibit no isosbestic point at all. This 
situation is illustrated in Fig.5Ia. The 
absorbance curves of R5 and 2,3,6-T 
do not have cross points within the 
observed wavelength range. 
Therefore, the spectrophotometric 
titration curves do not intersect at any 
point within the 260 - 320 nm region 
as shown in Fig.51b. However, a plot 
of the maximum absorbance at 282.8 
nm against the 2,3,6-T/R5 molar 
ratios revealed a bended curve shown 
in Fig.51c. This curve clearly 
indicates host-guest interaction 
between R5 and 2,3,6-T in a CHCI3 
solution at 298.15K. Considering the 
shape of the UV spectrophotometric 
titration curve, it is concluded that the 
complex was weaker with respect to 
the previous case. It is worth 
mentioning that for dimeric 
calix[4]arene structures Rl and R2 no 
precipitate was formed during the
Wavelength, nm
1.50
130
§1.10
•e
Jo.90
<
0.70 + 
0.50
1
. RJ = (j.9943
__ 1
1
"1 
1 
1 
1 
1 
1 
I 
I 
1 
1 
I 
1
---------1----1-----------j
I 
1 
1 
I 
1 
1 
I 
I 
1 
l 
1 
1
---------1 - 
1 
“ 
1
I 
l 
l
1 i
______1____
1_____■
©
1 n 
1
l 1
0 9984
1
1
l
---------------1-------------
' ' R 2 = 1 1 K
------------- 1------------- 1-------------
0.00 1.00 2.00 3.00 4.00
[236T]/[R5]
5.00 6.00
Figure 51.
An experiment on titration of R5 with 2,3,6-T in 
CHCI3 at 298.15K a) UV spectra of the receptor 
and guest in their pure states, b) titration curves 
on addition of aliquots of 2,3,6-T to the solution 
of R5, c) a plot of absorbance at 282.8 nm vs. the 
pesticide/receptor molar ratio.
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experiments. This could be related to the comparatively low range of concentrations 
used in the UV experiments.
Although determination of the composition of the complexes by UV spectroscopy 
stoichiometry was generally not a difficult task, some exceptions from this rule were 
found. Processes involving urea (R3) and thiourea (R4) calix[4]arene derivatives in 
CHCI3 at 298.15K were proved to be the most challenging and demanding ones. As it 
was previously demonstrated by *H NMR and X-ray techniques, strong intra- and
intermolecular hydrogen bonds often
0.40
0.39
8 0.38 - -  
§
+  0 .3 7 - -
s
<• 0.36 - -  
0.35 - -  
0.34
•d• * 1 7  t ----
1___ 1__ “ •_#_
0.00 0.50 1.00 1.50 2.00 2.50 3.00
[245T]/[R3]
Figure 52.
Plot of absorbance at 281.0 nm vs. the pesticide/ 
receptor molar ratio in CHC13 at 298.15K.
compete with those of guest species 
preventing the formation of strong 
molecular complexes. This situation 
is better illustrated in Fig.52, where 
the maximum absorbance at 281.0 nm 
is plotted against the 2,4,5-T/R3 
molar ratios. Although changes in 
absorbance upon the addition of 
solution of 2,4,5-T are not linear,
determination of the composition of the complex as well as the refinement of its 
stability constants remain problematic. Nevertheless, values of the stability constants 
were obtained in this case by using the “Hyperquad” software135. While the standard 
deviation of these data was comparatively high, these experiments were of interest for 
providing a reference for further attempts.
Figure 53.
Drift of the NH urea proton on addition of 2,4,5-T to the solution of R3 in CDC13 at 298K.
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[245T]/[R3]
Figure 54.
Plot of the NH proton chemical shift vs. the 
pesticide/receptor molar ratio in CDCI3 solution at 
298K.
!H NMR titration was employed to 
overcome the low sensitivity barriers 
of the UV procedure. In using this 
method59, *H NMR spectra of R3 
and R4 in CDCI3 were obtained. 
Initial chemical shifts of the urea 
NH protons of these receptors were 
determined198. Aliquots of the guest 
solution were added until no further 
changes in the chemical shift of the
chosen proton were observed (Fig.53). Thus, a plot of A8 values for receptor R3 
against the 2,4,5-T/R3 molar ratios is shown in Fig.54. Stability constants were 
calculated by the use of Eqn.68199:
Ks =a/[(l-a)([G]-a[R])] (68)
In this equation [R] and [G] are the molar concentrations of the receptor and guest 
respectively and a=(S-80)/(8max-So). I*1 this expression 80 denotes the initial NH 
chemical shift, 8 represents the chemical shift at each titration point and the 8max 
notion refers to the chemical shift when the receptor is entirely bound. The final 
refinement was carried out for cases where the amount of receptor bound ranged from 
20 to 80%200.
Another challenge was to determine the extent of interactions between 2,4,5-Na with 
the receptors R3 and R4. As a preliminary step, it was necessary to prove that sodium
ions did not interact with the given 
macrocycles and therefore did not 
interfere with the pesticide in its 
anionic form. Conductometric 
technique was employed to assess 
interaction of the receptors with 
sodium ions (Appendix 5, Tables 8 
and 9). A plot of the molar 
conductance of a solution ofNaClCL 
in DMF against the NaC104/R3
0.00 0.25 0.50 0.75 1.00 1.25 1.50
[R3]/[NaC104]
Figure 55.
Plot of molar conductance vs. the receptor/ 
sodium salt molar ratio in DMF at 298.15K.
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molar ratios is shown in Fig.55 as a representative example. An obtained straight line 
left no doubt that R3 did not interact with Na+ in DMF at 298.15K. A similar 
observation was found for receptor R4. Sodium salts with various counteranions 
(perchlorate and tetra-Zcrt-butylammonium) were used in this work to avoid possible 
misjudgment on the outcome of these experiments.
The stability constants for receptors Rl-5 with chosen chlorinated carboxylic acids, 
their salts and pentachlorophenol in CHCI3 at 298.15K are listed in Table 28. 
Graphical representation of the data is shown in Fig.56. Examination of these data is 
revealing. The values of the stability constants correlate relatively well with the 
flexibility of the receptor and its ability to form intra- and intermolecular hydrogen 
bonds as discussed above. Therefore, the receptor R5 is able to form the most stable
Pesticide
Figure 56.
Stability constants for the receptors Rl-5 and various 
chlorinated pesticides in CHC13 at 298.15K. 
♦Experiment was carried out in DMF and results are 
given for comparison.
complexes with the chlorinated phenoxy acids and their metabolites. All experiments 
revealed that 1:1 stoichiometry complexes are formed with the only exception of R5. 
For this ligand, the stoichiometry was found to be 2:1 pesticide/receptor ratio. The 
highest selectivity of the receptor R5 for 2,4,5-T and 2(2,4,5)-T was also observed 
relative to other pesticides. A quantitative assessment of the ability of the receptor to 
selectively recognise these contaminants was carried out by calculation of selectivity
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factors (Eqn.69). These unambiguously demonstrated that R5 was more selective for
2,4,5-T relative to 2,3,6-T and PCP by factors of 17.8 and 70.8 respectively.
^ ~ K apMl/ K tpmt2 (69)
This is also the case for 2(2,4,5)-T, which has selectivity factors of 46.8 and 186.2 
with respect to the same contenders. On the other hand, selectivity between 2,4,5-T 
and 2(2,4,5)-T was much lower as the corresponding factor was 2.6. Therefore R5 
was not able to differentiate effectively between the two pesticides and this was 
unmistakably attributed to their structural similarity. Should the selectivity between 
various receptors for a given pesticide be compared, R5 is also found to be the most 
selective receptor for the chlorophenoxy acids with exception of PCP. The selectivity 
factors of R5 for 2,4,5-T relative to receptors Rl-4 for the same guest were found to 
be 380.2, 323.6, 151.4 and 645.7 respectively. The selectivity of R5 for 2,3,6-T is 
greater by factors 26.3, 3.39, 288.4 and 79.4, while that for 2(2,4,5)-T are 977.2,
758.6, 4466.8 and 1995.3 relative to Rl-4 respectively. In contrast, the selectivity of 
R5 for PCP with respect to R1 and R2 is merely a notional concept as the 
corresponding factors are correspondingly 1.2 and 2.14.
Therefore, it was experimentally demonstrated that receptors Rl-5 interact selectively 
with the pesticides of interest and may potentially be capable to extract those 
contaminants from their solutions in various solvents. Two conventional techniques 
such as *H NMR and UV spectroscopy were employed to provide quantitative 
measure of the interactions. Thus, calix[4]arene-imine derivatives Rl, R2 and R5 
were proved to form stronger complexes with chlorophenoxy acids and PCP, while 
(thio)urea-based receptors (R3 and R4) were able to interact with the salts of these 
acids. On the whole, the highest stability constants were obtained for receptor R5. It is 
also concluded that R5 is more selective for 2,4,5-T and 2(2,4,5)-T relative to other 
carboxylic acids. In addition, the intermediate values of the stability constants provide 
an opportunity to recover the macrocycle using a simple mechanism (pH switching). 
This would allow keeping the delicate balance between a pollutant and a rectifier for a 
better conservation of the environment. Based on the quantitative information 
provided by the above studies, the thermodynamic parameters of complexation were 
determined and these are now discussed.
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3.3.4. Determination of the stoichiometry and the strength of interaction of 
receptors with chlorophenoxy acids by titration calorimetry
Stability constant data reported in the previous section reveal that these values are 
well within the scope of the calorimetry and therefore this technique was employed 
for further experiments. However, dramatically low heat of the receptor-pesticide 
complexation process in various solvents was determined by conventional 
calorimetry. In turn, the Thermal Activity Monitor was used for thermodynamic 
studies. Nevertheless, this equipment also had some constructional restrictions on the 
organic media used for the reaction. After several attempts, CHCI3 was excluded from 
the list of perspective solvents as its volatility made not possible the saturation of the 
microcalorimetric channel. Unable to use CHCI3, complexation data were obtained in 
DMF and compared with those from the UV experiments in the same solvent (Table 
29). Data on stability constants obtained from the micro calorimetry are found to be 
higher than those calculated from UV measurements. As such, the values of stability 
constants obtained calorimetrically for R3 and R4 on complexation with 2,4,5-Na in 
DMF at 298.15K were 3.50 ± 0.30 and 3.67 ± 0.05 logarithm units respectively. 
Alternatively, the corresponding values provided by UV spectrometry were equal to 
2.69 ± 0.03 and 3.00 ± 0.12 logarithm units.
These discrepancies can be attributed to mutual interference of the UV spectra of the 
pesticides and the receptor. It is also true that the calorimetric method is far more 
advanced in terms of machinery and software. Nonetheless, only did interactions of 
R3 and R4 with 2,4,5-Na produced large enough heat values as to be analysed in full 
as shown in Table 29. For all other receptors and acidic pesticides in the list, the heat 
of complexation in DMF was negligibly small even on the microcalorimetric scale. 
Low values of heat produced in the reactions between the pesticides and the receptors 
might imply that these processes were driven by entropy. To verify the case, a series 
of experiments was carried out and stability constants for R3 and R4 interacting with 
the sodium salt of 2,4,5-T in DMF were obtained at different temperatures (Table 29). 
The van’t Hoff equation was consequently used to derive the enthalpy of 
complexation, Eqn.70:
d()nKJ) = AH_
dT ~ RT2 (70)
This equation, however, implies independence of the enthalpy of reaction with the 
temperature. Integration of both parts of the equation gives the following expression:
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(71)
In Eqn.71 C is the constant of integration. Thus, the van't Hoff equation suggests that 
a plot of -  In Ks against 1/T should be a straight line with slope AH/R, where R is the 
gas constant (8.31447 J/Kxmol). The standard entropy of reaction, AS, could
the given solvent. This enthalpy-entropy compensation effect for R3 decreases with 
the temperature rise. As a result, the complexaion of 2,4,5-Na by R3 in this solvent is 
mostly driven by entropy. The opposite is true for receptor R4.
While interactions between R3, R4 and the pesticides in their acidic form in CHCI3 
and DMF at 298.15K produced very low amounts of heat to be determined on the 
micro scale, the complexation of 2,4,5-Na under the same conditions allowed to refine 
the stability constants with adequate accuracy. These differences in the heat of 
complexation were suggested to be the cause of different types of host-guest 
interactions. On the one hand, carboxylic groups of chlorophenoxy acids interact with 
the (thio)urea moiety of receptors R3 and R4 through the hydrogen bond formation. 
On the other hand, dissociation of 2,4,5-Na in DMF results in stronger ion-dipole 
interactions. Finally, the fact that the complexation process responds strongly to a 
change of solvent is a fundamental step in the extraction of pesticides and this is now 
discussed.
3.4. Extraction of chlorophenoxy acids from their aqueous solutions
Previously obtained data strongly suggested the advantage of the receptor R5 over 
other synthesised macrocycles in terms of synthetic accessibility, intensive and
Figure 57.
Stability constants at different temperatures 
for the receptors R3 and R4 in DMF
Tem perature, K
338.15
therefore be estimated from AG and 
AH values. As it was demonstrated, 
stability constants (hence AG°) vary 
insignificantly with the temperature 
rise (Fig.57). In summary, the 
temperature effect on the stability of 
complex formation is relatively 
small in DMF. However, this is not 
reflected in the ACH° and ACS° values 
for R3 and 2,4,5-Na as these 
parameters are compensated for in
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selective complexation of chlorinated phenoxy acids and pentachlorophenol. 
However, the decisive answer could only be given by the outcome of extraction 
experiments, which are close by their nature to the real operating conditions. The 
objectives of these experiments were i) to carry out preliminary assessment of the 
extracting abilities of the receptors by employing the liquid-liquid extraction (LLE) 
technique, ii) to find the optimum operating conditions for LLE technique engaging a 
pre-selected receptor and iii) to assess the practical exploitation of the receptor-based 
polymeric substrates employing solid phase extracting (SPE) technology.
3.4.1. Liquid-liquid extraction (LLE)
By definition , LLE is a separation process that takes advantage of the relative 
solubilities of solutes in immiscible solvents. The solute dissolves more readily and 
becomes more concentrated in the solvent in which it has a higher solubility. A partial 
separation occurs when a number of solutes have different relative solubilities in the 
two solvents used. The distribution coefficients determine the ratio of the 
concentration of the solute in each solvent. The separating agent for extraction is the 
addition of a third component. As a preliminary step, an investigation on the 
extraction of pesticides from their aqueous solutions into CHCI3 using the receptors 
Rl-5 as the separating agents was undertaken. The reference compounds rl-3 were 
also included in the investigation as this allow evaluating the macrocyclic effect on 
the extraction process. The choice of CHCI3 laid on its overwhelming extracting 
ability for the pesticides of interest, which was previously determined. In this way, the 
receptors were forced to compete with CHCI3 when extracting pesticides from the 
aqueous phase. Should a receptor enhance the extraction of a pesticide with respect to 
the blank experiment, in which no receptor in the organic phase was introduced, this 
macrocycle was selected for further optimisation. It is also true that this solvent was 
widely used in preceding studies and its subsequent employment was obvious for 
comparative purposes. Technically, the extractions were performed as described in the 
Experimental Section. The resulting pesticide content was determined by UV 
spectroscopy using previously obtained calibration curves. The concentration of the 
pesticide was chosen to be close to that used in distribution experiments, whereas 
concentration of the separating agent was taken in threefold excess.
The results of these studies are listed in Table 30. The data in this Table represent the 
overall extracting ability of the CHCL/receptor system to the pre-selected pesticides
166
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as well as the effect that was gained solely by the extracting agent. As it was 
expected, CHC13 extracted 85.7%, 85.7%, 94.1% and 98.8% of 2,4,5-T, 2(2,4,5)-T,
2,3,6-T and PCP respectively. Not surprisingly, some of the receptors were unable to 
enhance this performance any further. Moreover, the presence of R l-4 actively 
prevented the acidic pesticides from transferring to the organic phase. On average, the 
performance of the organic phase containing such separating agents dropped by 80% 
with respect to pure CHCI3 . Taking into account their affinity to anionic guests, the 
receptors R3 and R4 were expected to promote the extraction of 2,4,5-Na from its 
aqueous solution.
Since dissociation of polar compounds is greatly suppressed in such solvents as 
CHCI3 , the uptake of 2,4,5-Na into this solvent was only 4.2%. Nevertheless, the 
presence of R3 and R4 in the organic phase was found to be imperceptible. While 
urea and thiourea calix[4]arene derivatives were unable to satisfy the requirements, 
binary calix[4]arene receptors R l and R2 were capable, to some extent, of justifying 
their use. Although CHCI3 extracts PCP particularly well, the addition of these two 
receptors to the organic layer left the balance between the two phases untouched. 
Since the accuracy of the method lay within 2%, this finding is considered as 
potentially beneficial. The uptake of 2,3,6-T by R l and R2 is also worth mentioning. 
Being structural isomers, these receptors differ in the position o f the substituent 
groups in the bridging benzene ring. In turn, this is tied closely with the shape of the 
intramolecular space provided by the receptors. Remarkably, the uptake of 2,3,6-T by 
R2 was enhanced by more than 110% with respect to R l and more than 8 % with 
respect to R5. As a consequence, optimisation of the extracting conditions for LLE 
(organic phase) or attachment of these receptors to a solid support may provide 
materials for the selective recognition of 2,3,6-T or/and PCP. The receptor R5 was 
found to enhance the performance of the organic phase up to nearly 1 0 0 % for all 
pesticides apart from 2,3,6-T. R5 is also particularly selective for 2,4,5-T and 
2(2,4,5)-T. As such, the rise in extraction of these pesticides was found to be 13.0% 
and 11.6% respectively. Enhancements in extraction caused by these receptors are 
illustrated in Fig.58. The urea-based reference compounds r l was found to be the best 
extracting agent for 2,4,5-Na. To a lesser extent, its thiourea contender r2 was proved 
to have extracting abilities for this pesticide. Presumably, the calix[4]arene framework 
plays a substantial role in the pre-organisation of the functional urea and thoiourea 
moieties. In those cases where such influence was naturally omitted, the potential to
168
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Figure 58.
Enhancements in extraction caused by various receptors to the extraction 
of pesticides from their aqueous solutions into CHC13 at 298.15K.
form intra and intermolecular hydrogen bonds was generally suppressed. This 
enhances the extracting abilities of compounds rl and r2  as demonstrated 
experimentally. Only interacting with PCP does the reference compound r3 reveal 
similar properties as its corresponding macrocycle R5. In all other cases r3 
dramatically decreases the extraction of pesticides. Apparently, the r3 - 2,3,6-T 
complex was more soluble in H2O than in CHCI3 . Consequently, a transfer of the 
complex from the organic to the aqueous phase was observed.
3.4.1.1. LLE operating conditions optimisation
Given that the extracting ability of R5 was experimentally confirmed, this receptor 
was the obvious choice for further development. The selection of the solvent system 
for LLE was based on several criteria. Solvents that are hazardous or expensive to 
dispose were not evaluated. In addition, an immiscible solvent system must be used. 
As far as the solubility data are concerned, R5 was found to be more soluble in C6H 14 
relative to other receptors by a factor of approximately 100. This particular 
circumstance predetermined the use of this solvent as the optimum organic phase. In 
addition, low aqueous solubility of hexane as well as its low extracting ability (3.7%) 
for the pesticides of interest were also taken into account. 2,4,5-T was chosen as the 
representative guest for further experiments as this pesticide was found to form the 
strongest complex with receptor R5.
169
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L A
Figure 59.
'H NMR spectra for adducts of the receptor R5 with a) EtOH, b) CH3CN, c) CH3OH 
in CDCI3 at 298K. Resonance signals of the encapsulated guests are colourmarked.
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Calixarenes are known to form inclusion complexes with neutral species in
99 99 9/1
solution ’ ’ . Possessing the hydrophobic cavity of complementary size these 
macrocycles retain molecules of organic solvents from which they were recrystallised. 
R5 was not an exception and the !H NMR spectra of its molecular complexes with 
EtOH (a), MeCN (b) and MeOH (c) are shown in Fig.59. While this aspect was not of 
interest, the influence of the encapsulated solvent on the extraction process was the 
true matter of concern.
The EtOH adduct of receptor R5 was obtained as a white powder and was not 
subjected to recrystallysation, Fig.59a. The extraction at different receptor/pesticide 
ratios was carried out and the final results are included in Table 31. In brief, this 
material took up over 60% of the pesticide in solution until the saturation point was
reached at the 1 : 1  receptor/pesticide 
ratio. This was followed by vigorous 
release of pesticide back into the 
solution until the receptor/pesticide 
ratio was equal to approximately 3:1 
(Fig.60). Further pesticide uptake was 
stable and ranged slightly over 30%. 
Since the stoichiometry of interaction 
between R5 and 2,4,5-T was proven to 
be 2 :1 , the behaviour of the material is 
explained as follows. Apparently, the 
EtOH adduct of 2:1 receptor/pesticide 
complex had better solubility in the aqueous phase relative to 1 : 1  stoichiometiy 
complex. In addition, the stability of the latter in CHCI3 is higher as unambiguously 
demonstrated by the stability constants. Therefore, 2,4,5-T was released into the 
aqueous phase as its complex with R5. This process takes place until all the receptor 
is transformed into the 2:1 complex with better aqueous solubility. Undoubtedly, this 
extraction pattern is considered to be disadvantageous and other technological 
approaches were investigated to achieve better results.
Recrystallysation of the receptor from various solvents was undertaken. As a result, 
regular crystals of R5 were obtained from MeCN and MeOH (Fig.59b, 59c). Both *H 
NMR (Fig.59b, 59c) and prior X-ray characterization methods confirmed the presence 
of a molecule of corresponding solvent within the hydrophobic cavity. Table 32 and
[R5]/[245T]
Figure 60.
Extraction of 2,4,5-T from its aqueous solution by 
the EtOH adduct of R5 at 298.15K: a) the crude 
material obtained from the reaction in EtOH; b) 
% of exfraction at different receptor/ pesticide 
ratios.
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[R5]/[245T]
Figure 61.
Extraction of 2,4,5-T from its aqueous solution by 
the MeCN adduct of R5 at 298.15K, a) R5 
recrystallised from its MeCN solution, b) % of 
extraction at different receptor/ pesticide ratios.
Table 33 show the extraction data 
found. In general, both materials 
removed a substantial amount of the 
pesticide from the samples. The total 
extraction of 2,4,5-T increased to 
approximately 80% with regard to the 
previous case. Even so, the extraction 
pattern for two sets of crystals varied 
significantly.
The uptake of the pesticide by the 
MeCN adduct of R5 grew rapidly until
the 1:1 receptor/pesticide stoichiometry was reached (Fig.61), After this ratio, the 
cleanup conditions stabilised at 76% extraction although a small leak of the pesticide 
back into the aqueous phase was noticed. Evidently, the stoichiometry for the
receptor-pesticide interaction in this case was 1 :1 , which does not correlate with the
previously determined ratio of interaction. This is yet another experimental 
confirmation of the cmsial role the solvent plays in calixarene chemistry.
The recovery of 2,4,5-T obtained for 
the MeOH adduct of R5 was of the 
same magnitude as that for its MeCN 
contender, yet no release of the
contaminant was observed (Fig.62). 
Stoichiometrically, this experiment 
was as unpredictable as the previous 
two. A veiy sharp break in the
exfraction curve was observed at the 
1:2 receptor/pesticide ratio. This was 
followed by a steady rise, which
[R5]/[245T]
Figure 62.
Extraction o f 2,4,5-T from its aqueous solution by 
the MeOH adduct of R5 at 298.15K, a) R5 
recrystallised from its MeOH solution, b) % of 
exfraction at different receptor/ pesticide ratios.
reaches a plateau at 79%. Therefore, the strongest complex was formed between one 
molecule of the receptor and two molecules of pesticide that was accurately predicted 
byUV spectroscopy.
The results from this study showed that LLE is suitable and has the potential to be 
used as a cleanup procedure for the removal of chlorinated pesticides from their 
aqueous solutions. Most of the recoveries were obtained in three different solvent-
775
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inclusion complexes, namely EtOH, MeCN and MeOH. Although a direct comparison 
is not possible, the overall recoveries obtained from the materials were within the 
acceptable range of 60-90%83 with respect to other LLE techniques. The advantages 
of the LLE method are i) the use of less hazardous organic solvents, ii) short 
extraction time and iii) simplicity of automatisation.
3.4.2. Solid-phase extraction (SPE)
Although LLE extraction method was demonstrated to be an effective purification
tool, problems associated with this method usually 
include the large amount of solvent required and 
the extensive 'hands on' work needed to complete 
the extractions. Therefore, solid-phase extraction 
(SPE) was studied as an alternative to the LLE for 
recovering organic pollutants from water. The main 
objective of this experiment was to apply newly 
synthesised polymeric sorbents (C29-32, 
Experimental Part) for extraction of chlorinated 
pollutants from their aqueous samples. The 
recovery data were obtained and assessments of the 
efficiency of the sorbents as well as their synthetic 
accessibility were made. A UV/Vis detector was 
used in order to establish the concentrations of the 
pesticides left in the aqueous phase after retention 
by the solid material. No efforts were made to 
optimise the synthetic pathways for better 
imprinting of macrocycles and the functionalised 
polymers were used as obtained in the primary 
reaction. The surface of these polymers was 
functionalised with R5 in order to allow the uptake 
of the chlorinated carboxylic acids. As it has been 
repeatedly mentioned, the sorbents were chemically 
modified polymeric backbones or naturally 
occurring materials.
Figure 63.
SEM images of copolymers: a) 
incorporating R5 into a polymeric 
chain (Poly Calix); b) polystyrene- 
based resin (Resin); c) silica-based 
stationary phase (Stationary Phase 
Silica).
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SEM images were prepared at the Department of Materials Science, University of 
Oxford by Dr. S. Wilkins. Images of copolymer incorporating R5 into a polymeric 
chain (Poly Calix, C32) (Fig.63a), polystyrene-based resin (Resin, C31) (Fig.63b), 
and silica-based stationary phase (Stationary Phase Silica, C29) (Fig.63c) are given 
aside. A copolymer incorporating R5 and bisphenol-A moieties in the chains (Poly
Calix Bisphenol, C30) was obtained as semicrystalline compound of irregular
structure and therefore is not shown in the picture. The middle product of the 
Stationary Phase Silica synthesis (Spacer Bonded Silica, C28) was included in the 
study with comparative purposes. Complete information on the above compounds is 
given in the Experimental Section (pp. 53 -  56).
Taking into consideration all the specific requirements for the designed materials,
several basic aspects should be emphasised. Initially, this material has to display
similar extracting ability and selectivity to the obsolete pesticides under investigation 
as the receptor in its free state. Recovery of the sorbent after use is a necessary 
demand for any environmentally friendly technology. Ultimately, an easier synthetic 
accessibility should make this technology cost-effective and widely accessible.
The UV spectra for the original 
pesticide solution and the same 
solution after treatment with the 
polymeric sorbent are shown in Fig.64. 
A quick inspection of the data 
supported the conclusions of the 
Experimental Section on the 
unsuccessful Silica Stationary Phase 
synthesis. Absorbance of the sample 
treated with the material exceeded this 
of the original solution. On the other 
hand, thw Spacer Bonded Silica 
revealed a moderate recovery of 2,4,5- 
T. This observation was attributed to 
the presence of the branchy 3-glycidoxypropyltrimethoxysilane groups on the surface 
of silica particles. Nevertheless, the overall retention of the pesticide was significantly 
less than that usually reported for the Cjg stationary phase83. In addition, the UV 
spectrum of Poly Calix was prominently dissimilar to the general pattern. This implies
Wavelength, nm
Figure 64.
UV spectra of 245T solution after its treatment 
with polymeric sorbents such as:
■  Stationary Phase Silica;
■Reference Solution;
■Spacer Bonded Silica;
Poly Calix;
Resin;
Poly Calix Bisphenol.
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Table 34.
Solid-liquid extraction of 2,4,5-T from its aqueous solution by different polymers at 298.15 K.
Polymer Abs* [245T]n„0|,
mol/dm2
Weight, g Capacity, Recovery,mOlpcs{/gp0|y °/o
polymer 245T tnken up
Reference solution 0.811 3.30xl0‘4 0 .0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 .0 0
Poly Calix 0.337 1.37x1 O'4 0.04920 0.00049 4.02x10‘5 58.45
Poly Calix Bispehenol 0.320 1.30x1 O'4 0.01742 0.00051 1.18xl0’4 60.54
Resin 0.362 1.47xl0"4 0.04974 0.00047 3.78x10'5 55.36
Spaser bonded Silica 0.613 2.50xl0’4 0.05021 0.00021 1.65x1 O'5 24.41
Stationaiy Phase Silica 0.843 3.43x1 O'4 0.05073 -0.00003 -2.64xl0'6 -3.95
* All data are referred to the wavelength of 288.8 nm
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either contamination of the polymer with side products of the synthesis or transfer of 
the polymer into the aqueous phase. Regardless of the reason, the data for the 
recovery of 2,4,5-T by this sorbent were considered as inaccurate and therefore 
should not be directly compared with those for other materials. The comprehensive 
information on the capacity of the sorbents and the recoveries found is shown in 
Table 34. In contrast to traditional LLE technique for the extraction of pesticides 
from soils, the proposed method has the advantages of being economical and fast in 
routine analyses. Although moderate recoveries of the reference pesticide are found, 
these limits of detection are considered adequate for the subsequent use of this 
method for environmental analysis. It should also be emphasised that these results 
were achieved without optimisation of the synthetic procedures of co-polymers and 
the extracting conditions for the pesticides uptake. Therefore this method was found 
to be potentially beneficial and further work in this area is suggested.
3.5. Conclusions
From the above discussion on the solution properties of chlorophenoxy acids, the 
syntheses of novel calix[4]arene-based receptors and their complexation with the 
above contaminants, the following conclusions are drawn.
i) As the main goal o f the research project was to develop inexpensive and 
effective receptors for the removal of obsolete pesticides from the aqueous and soil 
environments, the concept of Supramolecular Chemistry was proved to be the most 
resourceful and versatile. This approach provided a number of alternatives that were 
useful for the rational achievement of the result. As such, over twenty different 
receptors were synthesised and fully characterised. These were obtained through a 
variety of synthetic techniques, which provided the best yields. While the syntheses of 
rigid macrocycles were admitted to be ineffective and time- and resource-consuming, 
the introduction of various substituents with the pre-programmed binding properties at 
the lower rim of the calix[4]arene framework was the most beneficial strategy in 
achieving the net result.
ii) Five p-terAbutylcalix[4]arene receptors (Rl-5) bearing several hydrogen bond 
units at the lower rim were obtained in particularly good yields when veiy mild 
conditions were applied. These were differentiated according to their key 
functionality. Thus, two major groups were arranged such as Schiff base or imide- 
and (thio)urea derivatives. The macrocycles were obtained from the single
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intermediate for reducing overall costs. The elaborate stepwise introduction of simple 
functional groups to the calix[4]arene skeleton with their subsequent modification was 
proven to be the most successful synthetic approach, whereas the direct attachment of 
fully prepared units did not lead to the desired product or provided the latter in a very 
low yield. The use of dialdehydes in the final synthetic step led to dimers of 
calix[4]arenes, while the use of isophthaloyl dichloride or diisocyanates in the same 
reaction provided a rigid structure frozen through the lower rim bridge formation.
iii) Preliminary studies of chlorophenoxy acids in various binary water/organic 
solvent systems revealed that their distribution data could be used to determine the 
extent of dimerisation of these compounds in aprotic media in addition to the 
distribution constants. This information was used in the liquid-liquid extraction 
studies to estimate separate effects due to the solvent and the extracting agent. These 
data also provided a useful feedback for the rational design of receptors and the 
selection of their synthetic pathways.
iv) Solution thermodynamic studies for receptors Rl-5 demonstrated that these 
macrocycles undergo selective solvation in various organic solvents. The solution 
trends for these calix[4]arene derivatives were found by calculating the standard 
Gibbs energies of solution (ASG°) and transfer (AtG°) taking MeCN as the reference 
solvent. Thus, solvents such as DMF, THF and PI1CH3 were found to interact strongly 
with the receptors and therefore the use of these solvents for recrystallysation and/or 
extraction should be avoided.
v) Research on the interactions of these macrocycles with a wide range of obsolete 
pesticides confirmed the ability of the synthesised receptors (Rl-5) to selectively 
recognise the chlorophenoxy acids, their salts and metabolites in solution. It was 
shown in Section 3.3.1. that interactions o f imine-calix[4]arene derivatives (RI, R2 
and R5) with pesticides were mostly governed by mutual complementarity, whereas 
urea-based receptors (R3 and R4) bound guest species via hydrogen bond formation. 
This fact was reflected in the stability constant values, which were highest for the 
former group of ligands. In addition, only monomeric imine-calix[4]arene R5 
demonstrated the formation of pesticide complexes of 2 : 1  pesticide/ligand 
stoichiometry, while the complex composition for other receptors was 1:1. This 
finding was considered as potentially beneficial for the use of R5 in extraction 
experiments.
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vi) X-ray crystal structures of receptors R3, R4 and R5 proved that hydrogen bond 
formation takes place within all the receptors. An evidence of the inert nature of the 
upper urea nitrogen atoms in receptor R3 was obtained. This was caused by additional 
hydrogen bonds of the latter with the phenolic function of the calix[4]arene skeleton. 
It was also demonstrated that the introduction of strong hydrogen bond donors into a 
macrocycle (to promote its binding abilities toward targeted species) is not always 
beneficial. As such, thiourea-based calix [4] arene R4 was shown to form densely 
packed molecular clusters, which made interactions with pesticides problematic. On 
the other hand, X-ray experiments in the solid state were not able to reveal mutual 
attraction of thiourea moieties in R4 that was clearly shown by ]H NMR studies in 
solution in terms of the chemical shift changes between the axial and equatorial 
protons (A§ax-eq).
vii) The thermodynamics of complexation of Rl-5 with chlorophenoxy acids in 
CHCI3 and DMF at 298.15K reflect very low enthalpic contribution to the stability of 
complex formation even on the micro calorimetrical scale. Only complexation of 
2,4,5-Na by two (thio)urea-based receptors (R3 and R4) in DMF produced enough 
heat for the refinement of the stability constant values. The magnitude of these 
constants was somewhat higher relative to those obtained by using the UV/Vis 
technique. This was attributed to the limitations of the latter method. The enthalpies 
of complexation with 2,4,5-Na in DMF calculated from the stability constants at 
different temperatures show that the binding process for R3 is likely to be 
enthropically controlled, whereas for R4 the complexation is driven by entropy.
viii) The cost of the final product was rationalised by polymerisation or anchoring of 
the R5 receptor to naturally occurring materials. As such, two different extraction 
techniques such as liquid-liquid (LLE) and solid phase (SPE) were verified and 
compared with each other. If the credits of LLE include short extraction time and 
simplicity of automatisation, then its debits resulted in the use o f hazardous organic 
solvents. These disadvantages are absent should SPE be employed. Although the 
ultimate recovery of pesticides achieved by the use of LLE is higher relative to SPE, 
this can be attributed to optimisation of the operation conditions for the former 
process. In addition, the influence of the solvent encapsulated by the hydrophobic 
cavity of the calix[4]arene derivative on the complexation process as a whole was 
fully confirmed and assessed.
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3.6. Suggestions for future work
While there is now evidence that chlorophenoxy acids, their salts and metabolites can 
be safely removed from their aqueous solutions, several suggestions for future work 
should be given.
i) As several synthetic pathways for a number of rigid calix[4]arene derivatives are 
given, a thorough optimisation of the reaction conditions as well as purification 
procedures are required. This would allow increasing the overall yields of the desired 
products and consequently assessing their complexation performance. Rigid receptors 
R6  and R7, which were obtained in significant quantities and were proven to interact 
with chlorophenoxy acids, should undergo further modification by removing the tert- 
butyl groups from the upper rim. Evaluation of the binding process between these 
modified macrocycles and chlorophenoxy acids would verify the notion of 
encapsulation of these guests through the upper rim of the calix[4]arene skeleton.
ii) The simple idea of polymerisation of calixarenes bearing two benzene rings as 
pendant arms should also be developed. It was suggested in this work, that benzene 
rings of the calixarene framework as well as free phenolic groups at its hydrophilic 
rim might participate in the polymerisation reaction that lead to unwanted results. 
Therefore, the use of fully substituted calixarenes in this reaction should be verified. 
Although some steps have already been made to assess the influence of various 
substituents at the benzene rings on the polymerisation, this evaluation should be 
carried out systematically.
iii) The complexation studies of receptors Rl-7 were investigated in full in this thesis 
by various techniques. However, as far as these p-ter/-butylcalix[4]arene derivatives 
are concerned, the data are limited to anionic and neutral species with complex shape 
and charge distribution. As such, these investigations should be extended to other 
(smaller) anions and cations and the affinity of Rl-7 to these guests should be 
assessed. In addition, complexation studies should be performed in different solvents 
and/or solvent systems to validate the influence of the media on the complexation 
behaviour of these macrocycles in full. Change of medium could also help to 
overcome some technical limitations encountered with the equipment in this work. -
iv) Quantitative and qualitative analyses of the exfraction process gave clear 
indication that the receptors and the imprinted polymers are capable of selective 
binding of chlorophenoxy acids in their aqueous solutions. This suggests that possible 
industrial applications of these materials could be found. While an optimisation for
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the LLE operating conditions was earned out, the same procedure is required for the 
SPE technique. Considering the delicate balance between a pollutant and a rectifier 
for an environmentally friendly technology, studies on the recovery of the materials 
after use should also be carried out.
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Figure 1.
lH NMR spectrum of 2(2,4,5-trichlorophenoxy)propionic acid in CDCi3 at 298K.
Cl Cl
Figure 2.
*H NMR spectrum of 2,3,6-trichlorophenylacetic acid in CDC13 at 298K.
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Figure 4.
!H NMR spectrum of calix[4]arene in CDC13 at 298K.
Figure 5.
‘H NMR spectrum of calix[6]arene in CDC13 at 298K.
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Figure 7.
'H NMR spectrum for N,3-carboxyphenyl-2-chloroethyiamide (Cl) in CD3OD at 298K.
Figure 9.
*H NMR spectrum for, Li, 5,1 l,17,23-tetra-fer/-butyl-25,26,27,28-(2-carboxyphenilamid)etoxycalix[4] 
arene (C2) in (CD3)20  at 298K.
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Figure 10.
!H NMR spectrum of25,26,27,28-tetrahydroxycalix[4]arene (03) in CDC13 at 298.15K.
Figure 11.
!H NMR spectrum of 25,26,27,28-bis(crown-3)-calix[4]arene (04) in CDC13 at 298.15K.
Figure 12.
'H  NMR specti'um o f 5,11,17,23-tetra-tert-butyl-25,26-bis(crown-3)-27,28-dihydroxy calix[4]arene
(C4a) in CDC13 at 298.15K.
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Figure 13.
JH NMR spectrum of 5,ll,17,23-tetra-tert-butyl-25,26-bis(crown-3)- 27-[2-(2-phenoxyethoxy)ethanol]- 
28-hydroxycalix[4]arene (C4b) in CDC13 at 298.15K.
Figure 14.
NMR spectrum of 25,26,27,28-bis(crown-3)-calix[4]arene in 1,2-alternate conformation (C4c) in 
CDCI3 at 298.15K.
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Figure 15.
!H NMR spectrum o f 5,11,17,23-tetra-tert-butyl-25,26-27,28-bis(crown-3)-calix[4]arene (C5) in CDC13
at 298.15K.
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Figure 16.
*H NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,26-bis(crown-3)-27,28-dihydroxy calix[4]arene 
(C5a) in CDC13 at 298.15K.
Figure 17.
*11 NMR spectrum of N,N'-diphenylurea (C6) in (CD3)20  at 298.15K.
Figure 18.
*H NMR spectrum of25,27-dixydroxy-26,28-di-n-propoxycalix[4]arene (C7) in CDC13 at 298.15K.
196
Appendix 1 ‘jL E M K m ctm
Figure 19.
*H NMR spectrum of 26,28-di-n-propoxycalix[4]arene-25,27-crown-3 (C8) in CDC13 at 298.15K.
Figure 20.
NMR spectrum ofN,N'-bis(2-bromoethyl)urea (C9) in D20  at 298.15K.
Figure 21.
'H NMR spectrum of 3-amino-N-(2-bromoethyl)propanamide (C9a) in CD3OD at 298.15K.
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Figure 22.
*H NMR spectrum of N,N'-bis{l-[(2-bromoethyl)amino]vinyl}benzene-l,3-diamine (CIO) in D20  at 
298.15K.
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Figure 23.
]H NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-dixydroxy-26,28-dicyanomethoxycalix[4]arene 
(Cl 1) in CDCfy at 298.15K.
(C12) in CDCI3 at 298.15K.
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dixydroxycalix[4]arene (C 13) in CDC13 at 298.15K.
1vU~wiG
Figure 26.
’H NMR spectrum of 5,ll,17,23-tetra-tert-butyl-25,27-di-n-propoxy-26,28-dicyanomethoxybutyl 
calix[4]arene (C14) in CDC13 at 298.15K.
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Figure 27.
]H NMR spectrum o f 5,1 l,17,23-tetra-tert-butyl-25,27-di-n-propoxy-26,28-diaminoethoxycalix[4]
arene (C15) in CDC13 at 298.15K.
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di-n-propoxycalix[4]arene (C 16) in CDC13 at 298.15K.
fHN
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Figure 29.
!H NMR spectrum ofN-(2-bromoethyl)-N'-phenylurea (C l7) in (CH3)2 at 298.15K.
26,28-dixydroxycalix[4]arene 1,4-dimer (C18, RI) in CDC13 at 298.15K.
J_L
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Figure 31.
‘H NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-psKlE)-phenylmethylene-N-ethoxyamino]- 
26,28-dixydroxycalix[4]arene 1,3-dimer (C l9, R2) in CDC13 at 298.15K.
Figure 32,
NMR spectrum of 5,ll,17,23-teti,a-teit-butyl-25,27-dihydroxy-26-{2-[(E)-(ethoxyimino)methyl] 
benzaldehyde-28-propoxynitrilecalix[4]arene (C20a) in CDC13 at 298.15K.
Figure 33.
NMR spectrum of 5,ll,17,23-tetra-tert-butyl-25,27-[l,2-bis[2-(iminomethyl)phenyl]ethane-l,2- 
dione-bridged-ethyloxy-26,28-dihydroxycalix[4]arene (C20b) in CDC13 at 298.15K.
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ethoxy]}-26,28-dixydroxycalix[4]arene (C21, R7) in CDC13 at 298.15K.
ethyloxy -26,28-dixydroxycalix[4]arene (C22, R6) in CDC13 at 298.15K.
Figure 36.
JH NMR spectrum o f 5,1 l,17,23-tetra-tert-butyi-25,27-bis{[(N’-phenylureido)ethyl]oxy}-26,28-
dixydroxycalix[4]arene (C23, R3) in CDC13 at 298.15K.
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dixydroxycalix[4]arene (C24, R4) in CDC13 at 298.15K.
26,28-dixydroxycalix[4]arene (C25, R5) in CDC13 at 298.15K.
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Figure 40.
*H NMR spectrum of N-(2-phenoxyethyl)-N-[(lE)-phenylmethylene}amine (C27, r3) in CDC13 at 
298.15K.
Figure 41.
’H NMR specti'um of polymeric 5,11,17,23-Tetra-te/?-butyl-25,27-[7V'-(l£)-phenylmethylene-7V- 
ethoxyamino]-26,28-dixydroxycalix[4]arene (C32) condenced via benzene rings o f its pendent arms in 
CHCI3 at298.15K.
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Figure 1.
13C NMR spectrum o f25,26,27,28-tetrahydroxycalix[4]arene (C3) in CDC13 at 298.15K.
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Figure 2.
13C NMR spectrum of 25,26,27,28-bis(crown-3)-calix[4]arene (C4) in CDC13 at 298.15K.
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13C NMR spectrum of 5,ll,17,23-tetra-tert-butyI-25,26-bis(crown-3)-27,28-dihydroxycalix[4]arene 
(C4a) in CDC13 at 298.15K.
Figure 3.
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Figure 4.
,3C NMR spectrum of N,N'-bis{l-[(2-bromoethyl)amino]vinyl}benzene-l,3-diamine (CIO) in D20  at 
298.15K.
Figure 5.
13C NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-[ 1,3-benzyl-bridged-bis(ureido)]ethyloxy* 
26,28-dixydroxycalix[4]arene (C13) in CDC13 at 298.15K.
Figure 6.
13C NMR spectrum o f 5,1 l,17,23-tetra-teit-butyl-25,27-dihydroxy-26-{2-[(E)-(ethoxyimino)methyl]
benzaldehyde-28-propoxynitrilecalix[4]arene (C20a) in CDC13 at 298.15K.
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Figure 7.
13C NMR spectrum of 5,11,17,23-tetra-teit-butyi-25,27-[ 1,2-bis[2-(iminomethyl)phenyl]ethane-l ,2- 
dione-bridged-ethyloxy-26,28-dihydroxycalix[4]arene (C20b) in CDC13 at 298.15K.
Figure 8.
,3C NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-[N-(lE)-phenylmethylene-N-ethoxyamino]- 
26,28-dixydroxycalix[4]arene 1,4-dimer (C l8, RI) in CDCI3 at 298.15K.
Figure 9.
13C NMR spectrum o f 5,11,17,23-tetra-tert-butyl-25,27-[N-(lE)-phenylmethylene-N-ethoxyamino]-
26,28-dixydroxycalix[4]arene 1,3-dimer (C l9, R2) in CDC13 at 298.15K.
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Figure 1.
'H COSY NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26- {2-[(E)-(ethoxyimmo) 
methyl]benzaldehyde-28-propoxynitrilecalix[4]arene (C20a) in CDC13 at 298.15K.
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Figure 2,
*H COSY NMR spectrum o f 5,11,17,23-tetra-tert-butyl-25,27-[ 1,2-bis[2-(iminomethyl)phenyl]
ethane- l,2-dione-bridged-ethyloxy-26,28-dihydroxycalix[4]arene (C20b) in CDC13 at 298.15K.
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Figure 3.
HETCOR NMR spectrum of 5,1 l,17,23-tetra-teit-butyl-25,27-[l,2-bis[2-(iminomethyl)phenyl] 
ethane-l,2-dione-bridged-ethyloxy-26,28-dihydroxycalix[4]arene (C20b) in CDC13 at 298.15K.
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Figure 4.
JH COSY NMR spectrum of 5,ll,17,23-tetra-tert-butyl-25,27-{benzene-l,3-diyelbis[2-(carbonyl 
amino)ethoxy]} -26,28- d ixy droxy c al ix [4] ar ene (C21, R7) in CDCI3 at 298.15K.
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Figure 5.
*H COSY NMR spectrum of 5,11,17,23-tetra-tert-butyl-25,27-[N-tetramethylene-bridged- 
bis(ureido)] ethyloxy -26,28-dixydroxycalix[4]arene (C22, R6) in CDC13 at 298.15K.
L
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Figure 6.
'H  COSY NMR spectrum o f 5,11,17,23-tetra-tert-butyl-25,27-bis{ [(N ’-phenylureido)ethyl]oxy}-
26,28-dixydroxycalix[4]arene (C23, R3) in CDC13 at 298.15K.
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Figure 7.
!H COSY NMR spectrum of 55ll,1 7 J23-tetra-tert-butyl-25J27-bis{[(N,-phenylthioui,eido)ethyl] 
oxy}-26,28-dixydroxycalix[4]arene (C24, R4) in CDC13 at 298.15K.
W L _
Figure 8.
'H  COSY NMR spectrum o f 5,11,17,23-tetra-tert-butyl-25,27-[N-( 1 E)-phenylmethylene-N-
ethoxyamino]-26,28“dixydroxycalix[4]arene (C25, R5) in CDC13 at 298.15K.
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Figure 9.
!H COSY NMR spectrum of N-(2-phenoxyethyl)-N'-phenylurea (C26, r2) in (CH3)20  at 298.15K.
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Figure 10.
*H COSY NMR spectrum o f N-(2-phenoxyethyl)-N-[(lE)-phenylmethylene]amine (C27, r3) in
CDC13 at 298.15K.
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Figure 1.
Cl mass spectrum o f25,26,27,28-bis-(crown-3)-calix[4]arene (C4).
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Figure 2.
Cl mass spectrum of 5,11,17,23-tetra-tert-butyl-25,26-bis(crown-3)-27,28-dihydroxy calix[4]arene 
(C4a).I3i\doto\0203\m»210203d 21/02/03 11:10-30
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Figure 3.
Cl mass spectrum o f 5,11,17,23-tetra-teit-butyl-25,26-bis(crown-3)-27-[2-(2-phenoxyethoxy)ethanol] 
-28-hydroxycalix[4]arene (C4b).
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Figure 4.
Cl mass spectrum of25,26,27,28-bis(crown-3)-calix[4jarene in 1,2-alternate conformation (C4c).
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Figure 5.
Cl mass spectrum of 5,ll,17,23-tetra-tert-butyl-25,26-27,28-bis(crown-3)-calix[4]arene (C5).
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Figure 6.
Cl mass spectrum of 5,ll,17,23-tetra-tert-butyl-25,26-bis(crown-3)-27,28-dihydroxycalix[4]arene 
(C5a).
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Figure 7.
CI mass spectrum of N,N'-bis{l-[(2-bromoethyl)amino]vinyl}benzene-l,3-diamine (CIO).
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Figure 8.
FAB mass spectrum of26,28-di-n-propoxycalix[4]arene-25,27-crown-3 (C8).
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Figure 9.
E l mass spectrum o f N-(2-bromoethyl)-N'-phenylurea (C l7).
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Figure 10.
CI mass spectrum of 5,11,17,23-tetra-tert-butyl-25,27-[l,3-benzyl-bridged-bis(ureido)]ethyloxy- 
26,28-dixydroxycalix[4]arene (C 13).
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Figure 11.
FAB mass spectrum of 5,11,17,23-tetra-tert-butyl-25,27-[N-(lE)-phenylmethylene-N-ethoxyamino]- 
26,28-dixydroxycalix[4]arene 1,4-dimer (C l8, Rl).
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Figure 12.
FAB mass spectrum of 5,11,17,23-tetia-tert-butyl-25,27-[N-(lE)-phenylmetliylene-N-ethoxyamino]- 
26,28-dixydroxycalix[4]arene 1,3-dimer (C l9, R2).
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Figure 13.
FAB mass spectrum of 5,ll,17,23-tetra-teit-butyl-25,27-[l,2-bis[2-(iminomethyl)phenyl]ethane-l,2- 
dione-bridged-ethyloxy-26,28-dihydroxycalix[4]arene (C20b).
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FAB mass spectrum of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26- {2-[(E)-(ethoxyimino)methyl] 
benzaldehyde-28-propoxynitrilecalix[4]arene (C20a).
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Figure 15.
FAB mass spectrum of 5,ll,17,23-tetra-tert-butyl-25,27-{benzene-l,3-diyelbis[2-(carbonylamino) 
ethoxy]}-26,28-dixydroxycalix[4]arene (C21, R7).
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FAB mass spectrum of 5,11,17,23-teti'a-tert-butyI-25,27-[N-teti'amethylene-bridged-bis(ureido)] 
ethyloxy -26,28-dixydroxycalix[4]arene (C22, R6).
Figure 17.
El mass spectrum of N-(2-phenoxyethyl)-N'-phenylurea (C26, r2).
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Figure 18.
E l mass spectrum o f N-(2-phenoxyethyl)-N-[(lE)-phenylmethylene]amine (C27, r3).
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Appendix 5
Table 1.
Molar conductances at different concentrations of pesticides PI-4 in DMF at 298.15K.
2,4,5-T 2,3,6-T
M c m , (mol/dm3) 1/2 Am, S*cm 2/mol c 1/2, (mot/dm3) 1/2 Am, S*cm 2 /mol
1 5.85E-03 8.37 2.73E-03 20.59
2 6.75E-03 7.97 3.86E-03 14.80
3 7.54E-03 7.30 4.72E-03 12.41
4 8.26E-03 6.84 5.45E-03 11.28
5 8.91E-03 6.38 6.10E-03 10.43
6 1.04E-02 5.63 6.68E-03 9.79
7 1.16E-02 4.99 7.71E-03 8.64
8 1.28E-02 4.37 8.61E-03 7.62
9 1.38E-02 3.93 9.43E-03 6.93
10 1.48E-02 3.50 1.02E-02 6.34
11 1.57E-02 3.16 1.19E-02 5.39
12 1.66E-02 2.90 1.33E-02 4.67
13 1.74E-02 2.70 1.46E-02 4.05
14 1.84E-02 2.44 1.58E-02 3.61
15 1.99E-02 2.19 1.69E-02 3.21
16 2.12E-02 2.00 1.79E-02 2.89
17 2.24E-02 1.83 1.89E-02 2.65
18 2.35E-02 1.69 1.98E-02 2.45
19 2.46E-02 1.57 2.11E-02 2.21
20 2.94E-02 1.19 2.27E-02 1.97
21 3.33E-02 0.98 2.42E-02 1.79
22 3.97E-02 0.73 2.56E-02 1.63
23 4.49E-02 0.62 2.69E-02 1.51
24 5.29E-02 0.50 2.81E-02 1.39
25 6.41E-02 0.39 3.36E-02 1.05
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Table 1 (Continuation).
2(2,4,5)-T 2,4,5-Na
JYs c 1/2, (mol/dm3) 1/2 Am, S*cm 2 /mol c1/2, (mol/dm3) 1/2 Am, S*cm 2/mol
1 5.85E-03 7.76 2.64E-03 51.43
2 6.75E-03 7.25 3.74E-03 50.95
3 7.54E-03 6.80 4.57E-03 50.65
4 8.26E-03 6.46 5.28E-03 50.27
5 8.91E-03 6.09 5.90E-03 50.05
6 1.04E-02 5.50 6.46E-03 49.33
7 1.16E-02 4.99 7.46E-03 49.06
8 1.28E-02 4.73 8.34E-03 48.86
9 1.38E-02 4.45 9.13E-03 48.48
10 1.48E-02 4.20 1.09E-02 47.76
11 1.57E-02 4.02 1.23E-02 46.93
12 1.66E-02 3.82 1.37E-02 46.33
13 1.74E-02 3.74 1.49E-02 45.73
14 1.84E-02 3.51 1.60E-02 45.18
15 1.99E-02 3.40 1.70E-02 44.67
16 2.12E-02 3.23 1.79E-02 44.44
17 2.24E-02 3.14 1.92E-02 43.81
18 2.35E-02 3.06 2.04E-02 43.29
19 2.46E-02 2.95 2.15E-02 42.90
20 2.94E-02 2.58 2.25E-02 42.55
21 3.33E-02 2.29 2.35E-02 42.06
22 3.97E-02 1.84 2.49E-02 41.45
23 _ 2.62E-02 40.88
24 _ 2.74E-02 40.36
25 - - 3.26E-02 38.27
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Table 2.
Molar conductances at different concentrations of pesticides PI-4 in CHC^ at 298.15K.
2,4,5-T 2,3,6-T
M c 1/2, (mol/dm3) 1/2 Ant, S*cm 2/mol c m , (mol/dm3) 1/2 Am, S*cm 2/m ol
1 1.73E-02 0.63 1.73E-02 2.58
2 2.40E-02 0.62 2.40E-02 2.52
3 2.89E-02 0.64 2.89E-02 2.47
4 3.28E-02 0.65 3.28E-02 2.45
5 3.60E-02 0.65 3.60E-02 2.40
6 3.88E-02 0.65 3.88E-02 2.42
7 4.13E-02 0.65 4.13E-02 2.42
8 4.34E-02 0.65 4.34E-02 2.45
9 4.54E-02 0.65 4.54E-02 2.42
10 4.71E-02 0.64 4.71E-02 2.42
11 4.88E-02 0.64 4.88E-02 2.40
12 5.02E-02 0.64 5.02E-02 2.37
13 5.16E-02 0.64 5.16E-02 2.40
14 5.28E-02 0.64 5.28E-02 2.34
15 5.40E-02 0.64 5.40E-02 2.32
16 5.51E-02 0.64 5.51E-02 2.29
17 5.61E-02 0.64 5.61E-02 2.29
18 5.71E-02 0.63 5.71E-02 2.32
19 5.80E-02 0.63 5.80E-02 2.29
221
Appendix 5 Experimental conductometric data
Table 2 (Continuation).
2(2,4,5)-T 2,4,5-Na
m c 1/2 y (mol/dm 3) 1/2 Am, S * cm 2/m ol c 1/2, (mol/dm3) 1/2 Am, S*cm 2/mol
i 1.73E-02 0.37
2 2.40E-02 0.34
3 2.89E-02 0.36
4 3.28E-02 0.35
5 3.60E-02 0.34
6 3.88E-02 0.35
7 4.13E-02 0.35
8 4.34E-02 0.36
9 4.54E-02 0.36 Insufficiently soluble
10 4.71E-02 0.33
11 4.88E-02 0.35
12 5.02E-02 0.36
13 5.16E-02 0.36
14 5.28E-02 0.34
15 5.40E-02 0.37
16 5.51E-02 0.36
17 5.61E-02 0.36
18 5.71E-02 0.36
19 5.80E-02 0.34
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Table 3.
Molar conductances at different concentrations of pesticides Pl-4 in MeCN at 298.15K.
2,4,5-T 2,3,6-T
M c 1/2, (mol/dm3) 1/2 Am, S*cm 2 /m ol c 1/2, (mol/dm3) 1/2 Am, S*cm 2/m ol
1 2.11E-02 1.04 8.39E-03 4.78
2 2.93E-02 0.73 1.18E-02 3.08
3 3.53E-02 0.60 1.45E-02 2.52
4 4.00E-02 0.53 1.86E-02 2.04
5 4.40E-02 0.49 2.19E-02 1.86
6 4.74E-02 0.46 2.48E-02 1.77
7 5.04E-02 0.44 3.06E-02 1.69
8 5.30E-02 0.42 3.53E-02 1.63
9 5.54E-02 0.41 3.93E-02 1.56
10 5.76E-02 0.40 4.28E-02 1.52
11 5.95E-02 0.39 4.71E-02 1.41
12 6.13E-02 0.38 5.09E-02 1.50
13 6.30E-02 0.37 5.42E-02 1.47
14 6.45E-02 0.37 5.72E-02 1.42
15 6.60E-02 0.36 6.00E-02 1.39
16 6.73E-02 0.36 6.35E-02 1.33
17 6.85E-02 0.35 6.66E-02 1.31
18 6.97E-02 0.35 6.94E-02 1.30
19 7.08E-02 0.35 7.20E-02 1.22
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Table 3 (Continuation).
2(2,4,5)-T 2,4,5-Na
M c 1/2, (mol/dm 3) 1/2 Am, S*cm 2/m ol c 1/2, (mol/dm3) 1/2 Am , S * cm 2 /mol
1 1.43E-02 1.28 2.64E-03 53.70
2 2.00E-02 1.14 3.74E-03 53.30
3 2.42E-02 1.04 4.57E-03 52.80
4 2.75E-02 0.97 5.28E-03 52.40
5 3.04E-02 0.92 5.90E-03 52.00
6 3.29E-02 0.88 6.46E-03 51.50
7 3.51E-02 0.83 7.46E-03 51.10
8 3.71E-02 0.79 8.34E-03 50.20
9 3.89E-02 0.76 9.13E-03 50.00
10 4.06E-02 0.74 1.09E-02 49.00
11 4.21E-02 0.72 1.23E-02 48.50
12 4.35E-02 0.71 1.37E-02 47.20
13 4.48E-02 0.70 1.49E-02 46.80
14 4.60E-02 0.69 1.60E-02 45.50
15 4.72E-02 0.69 1.70E-02 45.10
16 4.83E-02 0.69 1.79E-02 44.70
17 4.93E-02 0.66 1.92E-02 43.81
18 5.02E-02 0.68 2.04E-02 43.29
19 5.11E-02 0.66 2.15E-02 42.90
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Table 4.
Molar conductances at different concentrations of pesticides PI-4 in MeOH at 298.15K.
2,4,5-T 2,3,6-T
M c m , (mol/dm3) 1/2 Am, S*cm 2/m ol c m , (mol/dm3) m Am, S*cm 2/m ol
1 7.02E-03 3.02 7.02E-03 7.76
2 9.92E-03 2.66 9.92E-03 6.95
3 1.21E-02 2.18 1.21E-02 6.69
4 1.40E-02 1.91 1.40E-02 6.35
5 1.56E-02 1.73 1.56E-02 6.12
6 1.71E-02 1.61 1.71E-02 6.07
7 1.85E-02 1.51 1.85E-02 6.00
8 1.97E-02 1.42 1.97E-02 5.86
9 2.09E-02 1.34 2.09E-02 5.70
10 2.20E-02 1.28 2.20E-02 5.62
11 2.31E-02 1.24 2.31E-02 5.60
12 2.41E-02 1.20 2.41E-02 5.44
13 2.50E-02 1.17 2.50E-02 5.39
14 2.59E-02 1.14 2.59E-02 5.31
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Table 4 (Continuation).
2(2,4,5)-T 2,4,5-Na
c1/2, (mol/dm 3) 1/2 Am, S*cm 2/mol c 1/2, (mol/dm 3 ) 1/2 Am, S*cm2/mol
1 7.02E-03 54.40
2 9.92E-03 52.20
3 1.21E-02 51.00
4 1.40E-02 50.40
5 1.56E-02 49.40
6 1.71E-02 48.60
7 Insufficiently soluble 1.85E-02 48.00
8 1.97E-02 47.30
9 2.09E-02 46.90
10 2.20E-02 46.50
11 2.31E-02 45.50
12 2.41E-02 45.50
13 2.50E-02 44.60
14 2.59E-02 44.20
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Table 5.
Molar conductances at different concentrations of pesticides PI-4 in H20  at 298.15K.
2,4,5-T 2,3,6-T
m c m , (mol/dm3) 1/2 Ant, S*cm 2 /m ol c 1/2, (mol/dm3) 1/2 Am , S*cm 2 /mol
l 1.22E-02 287.51 4.03E-03 326.58
2 1.30E-02 286.43 5.12E-03 324.30
3 1.37E-02 285.10 6.21E-03 320.44
4 1.43E-02 283.36 7.20E-03 318.63
5 1.49E-02 280.21 8.25E-03 316.61
6 1.54E-02 280.50 9.24E-03 314.69
7 1.58E-02 279.13 1.02E-02 313.26
8 1.63E-02 278.35 1.12E-02 311.36
9 1.66E-02 277.46 1.21E-02 309.51
10 1.70E-02 276.06 1.29E-02 308.01
11 1.74E-02 275.24 1.38E-02 306.18
12 1.77E-02 274.34 1.47E-02 302.40
13 1.80E-02 273.60 1.57E-02 300.17
14 1.83E-02 272.80 1.66E-02 298.99
15 1.85E-02 271.74 1.75E-02 296.44
16 1.88E-02 270.77 1.84E-02 294.47
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Table 5 (Continuation).
2(2,4,5)-T 2,4,5-Na
M c 1/2, (mol/dm 3) 1/2 Ain, S*cm 2/m ol c 1/2, (mol/dm3) 1/2 Am , S*cm 2/mol
1 4.03E-03 235.97 4.03E-03 62.00
2 5.12E-03 225.77 5.12E-03 60.00
3 6.21E-03 205.00 6.21E-03 58.40
4 7.20E-03 188.86 7.33E-03 55.70
5 8.25E-03 177.83 8.25E-03 53.50
6 9.24E-03 163.98 9.24E-03 51.40
7 1.02E-02 153.61 1.02E-02 49.20
8 1.12E-02 136.45 1.12E-02 48.60
9 1.21E-02 127.58 1.21E-02 46.50
10 1.29E-02 115.21 1.29E-02 44.30
11 1.38E-02 104.78 1.38E-02 44.00
12 1.47E-02 93.05 1.47E-02 41.60
13 1.57E-02 81.94 1.57E-02 40.50
14 .. _ 1.66E-02 39.50
15 _ .. 1.75E-02 36.80
16 - - 1.84E-02 35.70
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Table 6.
Conductometric titration of 2,4,5Na with solution o f R3 in DMF at 298.15K
M Yadd* ml R, 12 A m, S*cm 2 /m ol [R3], mol/dm3
[24SNa], 
mol/dm 3 [R3]/[245Na]
1 0.30 1.40E+05 50.08 9.98E-06 1.11E-04 0.09
2 0.60 1.41E+05 50.31 1.97E-05 1.10E-04 0.18
3 0.90 1.41E+05 50.55 2.92E-05 1.08E-04 0.27
4 1.20 1.42E+05 50.77 3.85E-05 1.07E-04 0.36
5 1.50 1.43E+05 50.99 4.76E-05 1.06E-04 0.45
6 1.80 1.44E+05 51.20 5.65E-05 1.05E-04 0.54
7 2.10 1.45E+05 51.42 6.51E-05 1.04E-04 0.63
8 2.40 1.45E+05 51.63 7.36E-05 1.02E-04 0.72
9 2.70 1.46E+05 51.85 8.19E-05 1.01E-04 0.81
10 3,00 1.47E+05 52.06 9.00E-05 1.00E-04 0.90
11 3.30 1.48E+05 52.28 9.80E-05 9.92E-05 0.99
12 3.60 1.48E+05 52.51 1.06E-04 9.81E-05 1.08
13 3.90 1.49E+05 52.73 1.13E-04 9.71E-05 1.17
14 4.20 1.50E+05 52,95 1.21E-04 9.61E-05 1.26
15 4.50 1.51E+05 53,16 1.28E-04 9.51E-05 1.35
16 4.80 1.51E+05 53.37 1.35E-04 9.41E-05 1.44
17 5.10 1.52E+05 53.61 1.42E-04 9.32E-05 1.53
18 5.40 1.53E+05 53.82 1.49E-04 9.23E-05 1.62
19 5.70 1.53E+05 54.04 1.56E-04 9.14E-05 1.71
20 6.00 1.54E+05 54.28 1.62E-04 9.05E-05 1.80
21 6.30 1.55E+05 54.49 1.69E-04 8.96E-05 1.89
22 6.60 1.55E+05 54.73 1.75E-04 8.87E-05 1.98
23 6.90 1.56E+05 54.95 1.82E-04 8.79E-05 2.07
24 7.20 1.56E+05 55.19 1.88E-04 8.71E-05 2.15
25 7.50 1.57E+05 55.43 1.94E-04 8.63E-05 2.24
26 7.80 1.58E+05 55.68 2.00E-04 8.55E-05 2.33
27 8.10 1.58E+05 55.93 2.05E-04 8.47E-05 2.42
28 8.40 1.59E+05 56.17 2.11E-04 8.39E-05 2.51
29 8.70 1.59E+05 56.43 2.17E-04 8.32E-05 2.60
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Table 7.
Conductometric titration o f 2,4,5Na with solution of R4 in DMF at 298.15K
M V add * "ll R ,Q A , S*cm 2 /m ol [R4J, mol/dm 3
[245Na], 
mol/dm 3 [R4]/[245Na]
1 0.30 1.32E+05 55.87 1.15E-05 1.21E-04 0.09
2 0.60 1.32E+05 56.62 2.27E-05 1.20E-04 0.19
3 0.90 1.32E+05 57.34 3.37E-05 1.18E-04 0.28
4 1.20 1.32E+05 58.07 4.44E-05 1.17E-04 0.38
5 1.50 1.32E+05 58.82 5.48E-05 1.16E-04 0.47
6 1.80 1.31E+05 59.59 6.51E-05 1.14E-04 0.57
7 2.10 1.31E+05 60.35 7.51E-05 1.13E-04 0.66
8 2.40 1.31E+05 61.14 8.48E-05 1.12E-04 0.76
9 2.70 1.31E+05 61.92 9.44E-05 1.10E-04 0.85
10 3.00 1.31E+05 62.70 1.04E-04 1.09E-04 0.95
11 3.30 1.30E+05 63.50 1.13E-04 1.08E-04 1.04
12 3.60 1.30E+05 64.29 1.22E-04 1.07E-04 1.14
13 3.90 1.30E+05 65.09 1.31E-04 1.06E-04 1.23
14 4.20 1.30E+05 65.90 1.39E-04 1.05E-04 1.33
15 4.50 1.30E+05 66.71 1.48E-04 1.04E-04 1.42
16 4.80 1.29E+05 67.53 1.56E-04 1.03E-04 1.52
17 5.10 1.29E+05 68.35 1.64E-04 1.02E-04 1.61
18 5.40 1.29E+05 69.17 1.72E-04 1.01E-04 1.71
19 5.70 1.29E+05 70.00 1.80E-04 9.96E-05 1.80
20 6.00 1.28E+05 70.83 1.87E-04 9.86E-05 1.90
21 6.30 1.28E+05 71.67 1.95E-04 9.77E-05 1.99
22 6.60 1.28E+05 72.52 2.02E-04 9.67E-05 2.09
23 6.90 1.28E+05 73.37 2.09E-04 9.58E-05 2.18
24 7.20 1.27E+05 74.22 2.16E-04 9.49E-05 2.28
25 7.50 1.27E+05 75.24 2.23E-04 9.40E-05 2.37
26 7.80 1.27E+05 76.10 2.30E-04 9.32E-05 2.47
27 8.10 1.26E+05 76.98 2.37E-04 9.23E-05 2.56
28 8.40 1.26E+05 77.84 2.43E-04 9.15E-05 2.66
29 8.70 1.26E+05 78.70 2.50E-04 9.06E-05 2.75
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Table 8.
Conductometric titration o f NaC104 with solution o f R3 in DMF at 298.15K
M Fadd* ml R,(2 A m, S*cm 2/mol [R3]y mol/dm3
[NaCIO 4 ], 
mol/dm 3 [R3]/[NaClO 4 J
1 0.30 2.23E+04 75.51 2.53E-05 5.88E-04 0.04
2 0.60 2.25E+04 75.61 5.01E-05 5.81E-04 0.09
3 0.90 2.27E+04 75.71 7.43E-05 5.74E-04 0.13
4 1.20 2.30E+04 75.80 9.79E-05 5.67E-04 0.17
5 1.50 2.32E+04 75.88 1.21E-04 5.61E-04 0.22
6 1.80 2.34E+04 75.97 1.44E-04 5.55E-04 0.26
7 2.10 2.37E+04 76.05 1.66E-04 5.49E-04 0.30
8 2.40 2.39E+04 76.14 1.87E-04 5.43E-04 0.34
9 2.70 2.42E+04 76.22 2.08E-04 5.37E-04 0.39
10 3.00 2.44E+04 76.32 2.29E-04 5.31E-04 0.43
11 3.30 2.46E+04 76.42 2.49E-04 5.25E-04 0.47
12 3.60 2.48E+04 76.51 2.69E-04 5.20E-04 0.52
13 3.90 2.51E+04 76.60 2.88E-04 5.14E-04 0.56
14 4.20 2.53E+04 76.69 3.07E-04 5.09E-04 0.60
15 4.50 2.55E+04 76.77 3.26E-04 5.04E-04 0.65
16 4.80 2.57E+04 76.86 3.44E-04 4.99E-04 0.69
17 5.10 2.60E+04 76.94 3.62E-04 4.94E-04 0.73
18 5.40 2.62E+04 77.02 3.79E-04 4.89E-04 0.78
19 5.70 2.64E+04 77.11 3.97E-04 4.84E-04 0.82
20 6.00 2.67E+04 77.19 4.13E-04 4.79E-04 0.86
21 6.30 2.69E+04 77.28 4.30E-04 4.75E-04 0.91
22 6.60 2.71E+04 77.37 4.46E-04 4.70E-04 0.95
23 6.90 2.73E+04 77.46 4.62E-04 4.66E-04 0.99
24 7.20 2.76E+04 77.54 4.78E-04 4.62E-04 1.03
25 7.50 2.78E+04 77.64 4.93E-04 4.57E-04 1.08
26 7.80 2.80E+04 77.74 5.08E-04 4.53E-04 1.12
27 8.10 2.82E+04 77.83 5.23E-04 4.49E-04 1.16
28 8.40 2.84E+04 77.93 5.37E-04 4.45E-04 1.21
29 8.70 2.86E+04 78.02 5.51E-04 4.41E-04 1.25
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Table 9.
Conductometric titration o f  NaC104 with solution o f  R4 in DMF at 298.15K
M Yadd* ml R,£2 A m, S*cm 2/m ol [R4J, mol/dm 3
[NaCIO 4 J, 
mol/dm 3 [R4]/[NaClO 4 J
1 0.30 1.51E+04 73.13 4.57E-05 8.98E-04 0.05
2 0.60 1.52E+04 73.50 9.04E-05 8.87E-04 0.10
3 0.90 1.53E+04 73.87 1.34E-04 8.77E-04 0.15
4 1.20 1.54E+04 74.24 1.77E-04 8.67E-04 0.20
5 1.50 1.55E+04 74.61 2.18E-04 8.57E-04 0.25
6 1.80 1.56E+04 75.00 2.59E-04 8.47E-04 0.31
7 2.10 1.57E+04 75.38 2.99E-04 8.38E-04 0.36
8 2.40 1.58E+04 75.77 3.38E-04 8.29E-04 0.41
9 2.70 1.59E+04 76.16 3.76E-04 8.20E-04 0.46
10 3.00 1.60E+04 76.57 4.13E-04 8.11E-04 0.51
11 3.30 1.60E+04 76.97 4.50E-04 8.02E-04 0.56
12 3.60 1.61E+04 77.35 4.85E-04 7.94E-04 0.61
13 3.90 1.62E+04 77.72 5.20E-04 7.86E-04 0.66
14 4.20 1.63E+04 78.11 5.55E-04 7.77E-04 0.71
15 4.50 1.64E+04 78.51 5.88E-04 7.70E-04 0.76
16 4.80 1.65E+04 78.89 6.21E-04 7.62E-04 0.82
17 5.10 1.66E+04 79.26 6.53E-04 7.54E-04 0.87
18 5.40 1.67E+04 79.64 6.85E-04 7.47E-04 0.92
19 5.70 1.67E+04 80.02 7.16E-04 7.39E-04 0.97
20 6.00 1.68E+04 80.40 7.46E-04 7.32E-04 1.02
21 6.30 1.69E+04 80.80 7.76E-04 7.25E-04 1.07
22 6.60 1.70E+04 81.16 8.05E-04 7.18E-04 1.12
23 6.90 1.71E+04 81.54 8.34E-04 7.11E-04 1.17
24 7.20 1.71E+04 81.93 8.62E-04 7.05E-04 1.22
25 7.50 1.72E+04 82.30 8.90E-04 6.98E-04 1.27
26 7.80 1.73E+04 82.67 9.17E-04 6.92E-04 1.32
27 8.10 1.74E+04 83.06 9.43E-04 6.86E-04 1.38
232
Avvendix 5 Exverimental conductometric data
Table 10.
Conductometric data for various concentrations of an aqueous solution of potassium chlorideat 298.15K
M [KCIJ, m ol/dm 3 K, S A m, S*cm 2 /m ol 0 , c m ml
1 1.57E-03 2.35E-04 148.46 0.9949
2 3.10E-03 4.58E-04 147.32 0.9974
3 4.58E-03 6.71E-04 146.24 0.9982
4 6.02E-03 8.83E-04 146.60 0,9986
5 7.41E-03 1.08E-03 145.34 0.9989
6 8.76E-03 1.28E-03 145.54 0.9991
7 1.01E-02 1.45E-03 144.14 0.9992
8 1.13E-02 1.64E-03 144.24 0.9993
9 1.26E-02 1.81E-03 143.86 0.9993
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Table 3.
Data for determination of the BDR at 298.15K
M Weight, g t, sec V, m l
1 0.04026 5.89 0.04014
2 0.05616 8.18 0.05599
3 0.05696 8.46 0.05679
4 0.07096 10.39 0.07075
5 0.08606 12.59 0.08580
6 0.09296 13.83 0.09268
7 0.10436 15.36 0.10405
8 0.11796 17.47 0.11761
9 0.13756 20.36 0.13715
10 0.15306 22.67 0.15260
11 0.16366 24.38 0.16317
12 0.17146 25.38 0.17095
13 0.18586 27.61 0.18530
14 0.20466 30.45 0.20405
15 0.22186 33.01 0.22119
16 0.23596 35.36 0.23525
17 0.25706 38.43 0.25629
18 0.28456 42.55 0.28371
Table 4.
Standard enthalpy of protonation o f THAM in aqueous solution of hydrochloric acid at 298.15K
M t, sec V, m l Qr> J Q,„J Q T H A M  f J A 0H ° , kJ/mol
1 20.31 0.1340 -0.5578 -0.0024 -0.5554 -47.73
2 20.76 0.1370 -0.5568 -0.0024 -0.5544 -47.57
3 20.49 0.1352 -0.5536 -0.0024 -0.5512 -47.39
4 20.79 0.1372 -0.5627 -0.0024 -0.5603 -47.49
5 20.44 0.1349 -0.5633 -0.0024 -0.5609 -47.46
6 20.71 0.1367 -0.5584 -0.0024 -0.5560 -47.5
7 20.46 0.1350 -0.5618 -0.0024 -0.5594 -47.86
8 20.48 0.1352 -0.5678 -0,0024 -0.5654 -47.91
9 20.78 0.1371 -0.5545 -0.0024 -0.5521 -47.25
10 20.61 0.1360 -0.5561 -0.0024 -0.5537 -47.55
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